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Abstract 
Fast pyrolysis of sewage sludge (SS) for bio-oil production is considered as a 
promising alternative technology instead of its less acceptable common disposal processes, 
including agriculture application, landfill, and incineration. However, high nitrogen 
content in SS represents a drawback of pyrolysis use due to the formation of NH3, HCN, 
and organic nitrogen species (ONSs), which are converted to NOx and N2O during 
combustion, causing severe environmental pollution, including acid rain, the greenhouse 
effect, and ozone layer depletion. Great care should be taken to study the formation, 
distribution, and chemical composition of nitrogen containing species (NCSs) in pyrolysis 
products of SS in order to minimize the nitrogen content in products for fuel use or 
effectively convert them for chemical use.  
In chapter 3, fast pyrolysis of a SS sample, which contains a high content of nitrogen, 
was investigated in a drop tube furnace to understand the effects of pyrolysis temperature 
and sweeping gas flow rate (SGFR) on the yields of pyrolysis products and the 
distributions of carbon and nitrogen. The maximum oil yield of ca. 48.7% (daf) was 
achieved at a pyrolysis temperature of 500 oC and a SGFR of 600 cm3/min. NH3 was found 
to be the predominant nitrogenous gas under all the conditions, and its yield increased with 
raising pyrolysis temperature and decreasing SGFR. The significant release of NH3 at 
temperatures lower than 500 oC should be related to the high protein content in the sludge. 
The N yield in HCN was lower than 2% during pyrolysis below 550 oC, and sharply 
increased to 5.8% at 700 oC due to thermal cracking of volatile matter. Water-insoluble 
nitrogen- and carbon-containing species were significantly decomposed to water-soluble 
ones during secondary reactions. At high temperatures, heavy hydrocarbons were mainly 
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cracked to gaseous products, while the NCSs tended to form water-soluble species. This 
study provides a basic insight into the nitrogen transformations during fast pyrolysis of SS, 
which would benefit the clean utilization of SS as an energy source. 
In chapter 4, fast pyrolyses of SS, pig compost (PC), and wood chip (WC) were 
investigated in an internally circulating fluidized-bed (ICFB) to evaluate bio-oil production. 
The pyrolyses were performed at 500 oC and the bio-oil yields from SS, PC, and WC were 
45.2, 44.4, and 39.7% (daf), respectively. The bio-oils were analyzed with an elemental 
analyzer, Karl-Fischer moisture titrator, bomb calorimeter, gel permeation chromatograph, 
Fourier transform infrared (FTIR) spectroscopy, and gas chromatography/mass 
spectrometry (GC/MS). The results show that the bio-oil from SS is rich in aliphatic and 
ONSs, while the bio-oil from PC exhibits higher caloric value due to its higher carbon 
content and lower oxygen content in comparison with that from SS. The bio-oils from SS 
and PC have similar chemical composition of ONSs. Most of the compounds detected in 
the bio-oil from WC are organooxygen species. Because of its high oxygen content, low 
H/C ratio, and caloric value, the bio-oil from WC is unfeasible for use as fuel feedstock, 
but possible for use as chemical feedstock. 
In chapter 5, the bio-oil from the SS fast pyrolysis was separated by silica-gel column 
chromatography (SGCC) with different solvents, including mixed solvents, as eluants. A 
series of alkanenitriles (C13–C18), alkenenitrile, oleamide, fatty acid amides, and aromatic 
nitrogen species were fractionated from the bio-oil by SGCC and analyzed with GC/MS 
and FTIR. The possible precursor and formation route of ONSs detected were also 
discussed. Most of the GC/MS-detectable ONSs are lactams, amides, and N-heterocyclic 
compounds, among which acetamide is the most abundant. N-heterocyclics with 1-3 rings, 
including pyrrole, pyridine, indole, benzoimidazole, carbazole, norharman, and harman, 
were observed. The lactams detected include pyrrolidin-2-one, succinimide, phthalimide, 
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glutarimide, piperidin-2-one, and 3-isobutylhexahydropyrrolo[1,2-a]-pyrazine-1,4-dione, 
all of which should be formed via decarboxylation and cyclization of γ- and δ-amino acids. 
Such a procedure provides an effective approach to fractionation and identification of 
ONSs from bio-oil produced by fast pyrolysis of SS. 
In chapter 6, when fast pyrolysis of SS at 500 oC and SGFR of 300 cm3/min, 
triacetonamine (TAA) was detected with GC/MS as major component in the resulting 
bio-oil using acetone as the absorption solvent and proven to be a product from the 
reaction of NH3 in the bio-oil with the absorption solvent acetone. TAA yield increased 
with storage time and reached a level about 28.4% (% sludge fed, daf) after 175 h. Since 
the reaction of pure NH3 with acetone does not proceed, some species in the bio-oil must 
catalyze the reaction of NH3 with acetone. TAA was isolated in a high yield (27.9%, daf) 
and high purity (80.4%) by SGCC with different solvents, including mixed solvents, as 
eluants. The study revealed the possibility of SS as potential resource of TAA. 
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Chapter 1. Introduction 
1.1. Sewage Sludge: Formation, Treatment, and Disposal 
1.1.1. Formation and Characteristics of Sewage Sludge 
Sewage sludge can be defined as the residue generated from the wastewater treatment 
plants (WWTPs) as a result of the treatment of wastes released from a variety of sources 
including homes, industries, medical facilities, street runoff, and businesses. The two 
principal types of sludge are primary sludge and secondary sludge. Primary sludge 
constitutes the material collected from the primary settling tanks employed in WWTPs. 
Secondary sludge, also known as biological sludge, constitutes the sludge generated from 
the biological treatment of the wastewater drained from the settling tanks.[1, 2] 
Sewage sludge was reported composed of proteins, fats (soap, oil, and grease), urea, 
cellulose, silica, nitrogen, phosphoric acid, iron, calcium oxide, alumina, magnesium oxide, 
and potash.[3] The characteristics of sludge vary according to the type source material and 
the plant and its treatment method. Table 1–1[4] shows the composition and properties of 
sewage sludge from different treatment process. In comparison with primary sludge, 
secondary sludge, which is largely composed of bacterial sludge, has a lower content of 
fats and fibers and a higher content of volatile matter, nitrogen, and protein. Wastewater 
sludge may also contain heavy metals, such as cadmium, chromium, cobalt, copper, lead, 
mercury, nickel, and zinc. The concentrations of heavy metals may vary widely, as listed in 
Table 1–2.[5] For the application of sewage sludge to landfill, concentrations of heavy 
metals may limit the application rate and the useful life of the application site. Organic 
pollutants are also present in sewage sludge, e.g., polynuclear aromatic hydrocarbons 
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(PAH), polychlorinated biphenyls (PCB), polychlorodibenzodioxins/furans (PCDD/F), 
organohalogenous compounds (AOX), nonylphenol and nonylphenolethoxylates (NPE), 
linear alkylbenzenesulphonates (LAS), and di(2-ethylexyl)phtalate (DEHP), which may 
affect soils, plant animals, and human health, and have impacts on the environments.[4] 
Sewage sludge may contain various micro-organisms, especially when biological 
treatments are carried out. A small percentage of these organisms may be pathogenic. The 
types of pathogens usually considered are viruses, bacteria, protozoa, and helminthes. The 
pathogen levels should be reduced by sludge treatment processes before disposal.[4] It 
should be stated that many of the chemical constituents are important when considering the 
ultimate disposal of the processed sludge and the liquid removed from the sludge during 
treatment. The contents of heavy metals, organic pollutants, and pathogens need also to be 
determined when sewage sludge is to be incinerated or landfilled. The calorific value of 
sludge is significant when thermal processes (gasification, pyrolysis, combustion, and wet 
oxidation) are considered. 
Table 1–1 Impact of treatments on the sewage sludge composition and properties. 
  
Primary 
sludge 
Secondary 
sludge 1 
Secondary 
sludge 2 
Mixed  
sludge 
Digested 
sludge 
Dry sludge (DS) [g/L] 12 9 7 10 30 
Volatile matter (VM) [%DS] 65 67 77 72 50 
pH 6 7 7 6.5 7 
C [%VM] 51.5 52.5 53 51 49 
H [%VM] 7 6 6.7 7.4 7.7 
O [%VM] 35.5 33 33 33 35 
N [%VM] 4.5 7.5 6.3 7.1 6.2 
S [%VM] 1.5 1 1 1.5 2.1 
C/N 11.4 7 8.7 7.2 7.9 
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P [%DS] 2 2 2 2 2 
Cl [%DS] 0.8 0.8 0.8 0.8 0.8 
K [%DS] 0.3 0.3 0.3 0.3 0.3 
Al [%DS] 0.2 0.2 0.2 0.2 0.2 
Ca [%DS] 10 10 10 10 10 
Fe [%DS] 2 2 2 2 2 
Mg [%DS] 0.6 0.6 0.6 0.6 0.6 
Fat [%DS] 18 8 10 14 10 
Protein [%DS] 24 36 34 30 18 
Fibers [%DS] 16 7 10 13 10 
Calorific value [MJ/kg DS] 15.1 14.8 17.3 16.6 10.8 
Table 1–2 Metals in sewage sludge. 
Dry sludge (mg/kg) 
Metal 
Range Median 
Zinc 101–49000 1700 
Lead 13–26000 500 
Copper 84–17000 800 
Nickel 2–5300 80 
Cadmium 1–3410 10 
Mercury 0.6–56 6 
Arsenic 1.1–230 10 
Cobalt 11.3–2490 30 
Chromium 10–99000 500 
Iron 1000–154000 17000 
Manganese 32–9870 260 
Molybdenum 0.1–214 4 
Tin 2.6–329 14 
Selenium 1.7–17.2 5 
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The amount of sewage sludge generated from WWTPs has steadily increased in the last 
few years in pace with the development of sewerage (the growth of urban WWTPs). As 
shown in Fig. 1–1, annual production in Japan increased from 1.63 million tons (MT) in 
1994 to 2.17 MT (dry basis) in 2004 and was estimated to continuously increase in the 
future.[6] In the United States, approximately 6.9 MT of sewage sludge were generated in 
1998, and the quantity was estimated to over 8.2 MT in 2010.[7] Significant improvements 
have been made in the waste management sector over the last ten years in China. In 2008, 
China generated about 6.6 MT sewage sludge and the amount will increase significantly 
with the rapid development of WWTPs.[8] In the European Union, the production of sludge 
has not stopped increasing. The amount generated in 2000 was around 7.8 MT and the 
quantity will increase 5.4% per year.[9] With growth of the population and more stringent 
requirement for the treatment of sewage effluent, sewage sludge production is expected to 
further increase. 
 
Fig. 1–1. Sewage sludge generated in Japan. 
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1.1.2. Processing of Sewage Sludge 
Most sewage sludge undergo additional treatment on site before they are used or 
disposed of to meet regulatory requirements that protect public health and the environment, 
facilitate handling, and reduce costs. Also, with regard to handling and cost, the water 
content of sewage sludge can affect many aspects of sewage sludge management, such as 
transportation and the size of treatment and use or disposal operations. The two most 
common types of sewage sludge treatment processes are stabilization and dewatering.[7] 
Stabilization 
Stabilization refers to a number of processes that reduce pathogen levels, odor, and 
volatile solids content. Sewage sludge must be stabilized to some extent before most types 
of use or disposal.[7] There are four methods of stabilization normally practiced in WWTPs. 
These are lime stabilization, digestion (aerobic and anaerobic), composting, and heat 
treatment. 
Lime stabilization involves the addition of lime to untreated sludge in sufficient 
quantity to raise the pH to 12 or higher, to reduce biological action and odors. 
Consequently, the sludge will not putrefy, create odors or pose a health hazard, as long as 
the pH is maintained at this level. Lime stabilization increases the amount of sludge to be 
disposed of.[3, 10] Composting involves mixing dewatered sludge with a bulking agent such 
as sawdust, paper or domestic waste and allowing the organic matter in the mixture to 
decompose aerobically. The moisture and oxygen levels of this process are also controlled 
to reduce the potential for processing odors.[7] Heat drying of sludge reduces the moisture 
content below that achievable by conventional dewatering methods. It is used to destroy 
pathogens and eliminate most of the water content, which greatly reduces the volume of 
sludge. Heat drying has the advantage of conserving nitrogen and saving significantly on 
transportation costs, but does require fuel for processing.[3, 7] Digestion involves 
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biologically conversion of organic matter into a gas and a stabilized residue with the help 
of bacteria either in the absence of (anaerobic) or presence of (aerobic) oxygen. Anaerobic 
bacteria convert sludge to carbon dioxide, methane (which can be recovered and used for 
energy), and ammonia, while aerobic bacteria convert sludge to carbon dioxide, water, and 
nitrogen. Anaerobic digestion is one of the most widely used sludge stabilization practices, 
especially in larger treatment works, partly because of its methane recovery potential.[7, 10] 
Dewatering 
Dewatering decreases sludge volume by reducing the water content of sludge, which is 
a necessary process before treatment of sludge, as well as handing, transporting, and 
disposal.[10] 
Prior to dewatering, sludge are usually conditioned and thickened. In conditioning, 
chemicals, such as ferric chloride, lime, or polymers, are added to facilitate the separation 
of solids by aggregating small particles into larger masses or “flocs”. In thickening, part of 
the water bound to sludge particles is removed to concentrate the solid materials.[7] Typical 
dewatering methods include air drying and mechanical systems. Air drying can produce a 
solid content in primary sludge of as high as 45% to 90% buy placing sludge on a sand bed 
and allowing them to dry through evaporation and drainage. Mechanical dewatering 
systems include vacuum filters, plate-and-frame filter presses, centrifuges, and belt filter 
presses, which can achieve solid content 12–20%, 35–45%, 25–35%, and 20–32%, 
respectively.[7] 
The dewatered sludge still contains a large amount of water, which normally exceeds 
70 wt.%. Prior to some treatment processes, e.g., thermochemical conversion, this water 
must be removed in order to reduce the volume of the sludge. Thus, the sewage sludge is 
subjected to a drying process, e.g. heating the sewage sludge with hot air. However, the 
drying process involve significant energy consumption, which increase the cost of disposal 
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considerably.[11] 
1.1.3. Disposal of Sewage Sludge 
The most common destinations for sewage sludge include various types of land 
application sites (after the sludge have been treated to meet regulatory requirements), 
landfills, and incinerators. Ocean dumping, which was a disposal method before 1990, was 
banned in 1991.[7, 12] 
Agriculture Application 
Sewage sludge is rich in nitrogen and phosphorous, resulting in a good fertilizer 
property. Agriculture application is an attractive and useful option of disposal, because it 
returns the organic materials into the bio-cycle. Currently, application of sludge in 
agriculture takes 14% of the sludge produced in Japan[6], 45% in China[13], and 13% in 
USA[7]. However, agriculture application of sludge has met a lot of setbacks in the recent 
past due to the presence of heavy metals, organic pollutants, and pathogens in the sludge. 
The average content of heavy metals in sewage sludge was reported higher than the 
average for most farming soils.[10] This implies that the uncontrolled addition of sludge to 
agricultural land may increase the concentration of heavy metals in the farm land, resulting 
in these components entering to human beings through plants and animals. 
Landfill 
Landfill is a sludge disposal method in which sludge is deposited in a dedicated area, 
alone or with other municipal waste, and buried beneath a soil cover. Landfill is a main 
sludge disposal method in developed countries. More than 70% of the sludge produced in 
Japan is disposed of through landfill before 1995.[6] In the European Union, about 40% of 
the sludge is taken to landfill.[12] In the United States, 41% of the sludge produced in 1998 
was deposited through landfills.[7] In China, 34% of the sludge produced was landfilled.[13] 
However, the increasing competition for landfill space, higher cost, more stringent 
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environmental standards and the implementation of policies to promote recycling resulting 
in decrease of the landfill in the developed countries. In Japan, landfilling of sludge 
decreased from 70% in 1995 to 30% in 2004 and expected to decrease in the future.[6] 
Incineration 
Incineration of sludge involves firing sludge at high temperatures in a combustor or 
combustion device. The volatile organic materials in the sludge are burned in the presence 
of oxygen. Incineration reduces sludge to a residue primarily consisting of ash, which is 
approximately 20 percent of the original volume.[7] More than 70% of the sludge produced 
in WWTPs in Japan is incinerated in fluidized-bed incinerators and most of the resulting 
ash was landfilled and used as construction material, e.g., cement.[6] In the United States 
and European Union, 22% and 11% of the sludge produced, respectively, is incinerated.[7, 
12] Incineration application of sludge is a developing technology in China. Up to now, only 
3.5% of sludge generated is incinerated in China.[13] The incineration process destroys 
virtually all of the volatile solids and pathogens and degrades most toxic organic chemicals, 
although compounds such as dioxin may be formed, and products of incomplete 
combustion must be controlled. Metals are not degraded and are concentrated in the ash 
and in the particulate matter that is contained in the exhaust gases generated by the process. 
Air pollution control devices, such as high-pressure scrubbers, are required to protect air 
quality. 
1.1.4. Summary 
   All indications suggest that sludge production will continue to increase in the future. 
The current disposal methods, agricultural application, landfilling, and incineration does 
not completely remove the risk of contamination and facing more and more pressure due to 
land limitations and stringent regulations. Thus, it is important to develop a cost-effective 
and environmentally friendly solution to improve these traditional technologies. 
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1.2. Sewage Sludge as a Biomass Resource 
The sewage sludge was mainly composed of organic matters (usually about 80%), and 
inorganic matters (20%). Sewage sludge is rich in volatile matter and thereby recognized 
as a potential resource for heating or perhaps as liquid fuel and chemicals. In Japan, about 
70% of inorganic part of the sludge is utilized as raw materials for cement and bricks. On 
the other hand, only small part of organic part of the sludge is utilized for producing 
fertilizer, digester gas, and sludge fuel. The major part is just burnt to ash or dumped for 
landfill purpose. Supposing that all of the sewage sludge were utilized for producing 
thermal energy, total calorific value is estimated to be as much as 975,000 ton crude oil 
equivalence. Therefore, Japanese government is currently aiming at reducing CO2 emission, 
by shifting from fossil fuels to bio-fuels made from sewage sludge.[14] The various options 
for energy recovery from sewage sludge include supercritical wet oxidation, gasification, 
and pyrolysis.[15] 
1.2.1. Supercritical Wet Oxidation of Sewage Sludge 
Supercritical wet oxidation occurs at temperatures and pressures above the supercritical 
point of water (374 oC and 22.1 MPa).[15] Supercritical water has special properties, such as 
a superior ability to dissolve oxygen and organic compounds. With supercritical oxidation, 
the organic component of sludge are completely oxidized (>99%). Nitrogen, present in 
nitrogen-containing species (NCSs), such as ammonia and amino acids, is converted into 
nitrogen gas. Also toxic organic compounds are completely oxidized. The oxidation rate at 
supercritical conditions is much higher than at subcritical conditions (<374 oC).[16] The 
required retention time for the oxidation of sewage sludge in a supercritical reactor is in the 
order of a few seconds to 1 min. This means that the required reactor size is relatively 
small. Energy recovery from this oxidation process can occur directly by heat exchange in 
the reactor or from the exit flow from the reactor. In comparison to sludge incineration, 
 10
supercritical oxidation has the advantage that off gas treatment is very simple, so that the 
costs of off gas treatment can be neglected. It is also not necessary to dewater the sludge 
prior to the oxidation process. The inorganics present in the treated sludge can easily be 
removed from the water phase as ash. However, large-scale practical experience is not 
available yet except that at Harlingen, Texas, where a hydrothermal oxidation system using 
HydroProcessing, L.L.C.’s HydroSolids® process has been installed to process up to 9.8 
dry tons per day of sludge.[17] Use of oxygen in the process, use of high-pressure piping, 
the need of high-pressure reactors, and potential corrosion problems if chlorides are 
present in the sludge might be bottlenecks in the acceptance and further development of 
this technology.[15] 
1.2.2. Gasification  
Gasification involves the conversion of the dried sludge into a combustible gas 
composed primarily of CO, H2 and CH4, and ash in an atmosphere with a reduced amount 
of oxygen. The gas produced can then burnt in boilers to produce heat or in gas engines 
and turbines to produce energy. It can be utilized as a raw material in methanol synthesis or 
in the production of synthetic fuels via the Fischer-Tropsch process. This process can also 
reduce the volume of sewage sludge, destroy pathogens and toxic organic compounds, and 
fix heavy metals in solid ash.[18] 
The gasification is a series of complex concurrent and consecutive chemical and 
thermal process, which is not well understood yet. The process is energetically 
self-sustaining as no thermal input is required at steady-state conditions. During the 
gasification process, sewage sludge undergoes a complex physical and chemical change 
starting with the drying or removal of water contained as moisture. The dried sewage 
sludge is then thermally decomposed. Finally, the pyrolysis products, condensable and 
noncondensable vapors and char undergo gasification, where they are concurrently 
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oxidized and then reduced to permanent gases at the reduction zone. The principle stages 
in the gasification are drying, pyrolysis, oxidation, and reduction; however, these processes 
differ from the unusual types of the gasifiers.[19] 
The composition and energy content of the gas produced through gasification depend 
upon the composition of the feed sludge and the type of gasification process. Air 
gasification involves partial combustion of the material with minimum air so that the 
volatile matter is transformed to CO, CO2, H2, and some higher molecular weight 
compounds. The heating value of the syngas from air gasification is low due to the 
presence of carbon dioxide and nitrogen in the syngas.[20, 21] Nipattummakul et al.[22, 23] 
studied the steam gasification of sewage sludge and found that steam as the gasifying agent 
yielded more syngas, H2, enrgy, and higher apparent thermal efficiency than that obtained 
from pyrolysis at the same temperature, especially H2, which was three times as compared 
to air gasification. The common type of gasifier currently be used include downdraft fixed 
bed and fluidized-bed. The fluidized-bed was usually chosen as the gasification reactor due 
to its good performance in gas-solid contact and mixing, and its flexibility as far as the fuel 
composition and condition is concerned.[24] In a downdraft gasifier, the sewage sludge 
enters the reactor and the moisture is removed, and the dried sludge is then decomposed in 
the pyrolysis zone. All the pyrolysis products is then downwards through the oxidation 
zone, in where part of the volatile products is oxidized to provide heat to drying and 
pyrolysis of sludge and the gasification reaction. Finally, all the products pass on into the 
gasification zone and char is converted into gas by reaction with hot gases from the upper 
zones. Downdraft gasifier advantaged in high char conversion, low ash carry over, and 
lower tar level.[19]  
Currently, an advance gasification process of supercritical water gasification (SCWG) 
was investigated.[25, 26] SCWG is a process that for the gasification of sewage sludge in 
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supercritical water. The process principle is to make use of the changes of specific physical 
and chemical properties of water above the critical point. These properties allow for a 
nearly complete conversion of volatile matter into energy-rich fuel gases, namely H2, CH4, 
and CO2, by the following equation[27]. 
molKJHHCHCOOHOHC r /4.501102
1
2
115 24226126 =Δ++⇒+  
The SCWG process is particularly suited for feed materials with a high water content of 
sewage sludge.  
However, tar formation during gasification is a major problem that has to be dealt with, 
because of tar can cause the blocking and fouling of process equipment used, such as the 
pipes and valves in the gas engine and turbines.[18] Also, the high nitrogen content of 
sludge is a drawback due to the formation of NH3 and HCN during gasification process.[24] 
These two products are converted to NOx and N2O when the product is used as fuel, 
causing acid rain, photochemical smog, greenhouse effects, and ozone-layer depletion. 
Further study of reduce the formation of NH3 and HCN during gasification, i.e., a 
substantial increase of N2 amount, should be taken into account.[28] 
1.2.3. Pyrolysis 
Pyrolysis is a thermal treatment process in which the biomass is heated under pressure 
to a temperature range of 300 to 900 °C in the absence of oxygen. In this process, the 
biomass is converted into char, pyrolysis oils (bio-oil or bio-crude), and non-condensable 
gases.[29] According to the pyrolysis temperature and vapor residence time used, several 
modifications of pyrolysis process exist. Relative low pyrolysis temperatures and a long 
vapor residence times favor the production of charcoal. High temperatures and long 
residence times increase biomass conversion to gas, and moderate temperatures and short 
vapor residence time are optimum for producing liquids.[29] Table 1–3[30] indicates the 
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product distribution obtained from different modes of wood pyrolysis.  
Table 1–3 Typical product yields (dry feed basis) for pyrolysis of wood. 
Yield (wt.%) 
Mode Conditions 
Liquid Char Gas
Fast 
Moderate temperature, around 500 oC 
Short hot vapor residence time ~1 s 
75% 12% 13%
Intermediate 
Moderate temperature, around 500 oC 
Moderate hot vapor residence time ~10–20 s 
50% 25% 25%
Slow 
(carbonization) 
Low temperature, around 400 oC 
Very long residence time ~hours 
30% 35% 35%
Gasification 
High temperature, around 800 oC 
Long residence times 
5% 10% 85%
As one of the renewable biomass resource, sewage sludge is proposed as a feedstock of 
pyrolysis process. This technique reduces the volume and mass of the dewatered sludge 
effectively and produces more useful products, i.e., gas, oil, and char, which may be used 
as fuels or a feedstock for fuels and other applications. In addition, heavy metals (expect 
mercury and cadmium) could be safely enclosed in the solid char and the organic toxic 
agents could be vaporized into harmless substances. Pyrolysis also performs energy 
recycling. Kim and Parker[31] estimated the relative economic value of dried sludges based 
on bio-oil from pyrolysis and found that pyrolysis at 500 oC was found has the best 
economic benefit. The energy consumption for drying ranged from 1744 to 2220 kJ/kg and 
was the main energy input as it was approximately 2 to 3 times higher than pyrolysis 
inputs.[32] Pyrolysis of sewage sludge under different conditions has been studied to 
investigate the pyrolysis mechanism and to characterize the gas, oil, and solid char. 
Pyrolysis Mechanism and Kinetics 
Reaction kinetics always plays an important role in a chemical reactor design, so in the 
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process of pyrolysis reactor design and optimization, pyrolysis rate must be considered. 
Thermogravimetry (TG) analysis provides a rapid method to formulate the thermal 
decomposition profile of sewage sludge. The sludge thermal decomposition kinetics can be 
determined by the curve of weight variation obtained by pyrolysis analyzer.[33] The kinetics 
of the pyrolytic decomposition by TG analysis was studied by different authors. Conesa et 
al.[34] studied two types of sludges (non-digested and anaerobically digested) and deduced 
that the best model for both sludges considers three different organic fractions. Scott et 
al.[35] investigated pyrolysis of two dried sewage sludges (digested and undigested) in a 
thermogravimetric analyzer and used a new algorithm to elucidate the kinetics of 
devolatilization. Ji et al.[33] used a new method to simplify calculation the kinetics model to 
sewage sludge pyrolysis based on the assumption that volatile run out as soon as it formed 
and during temperature arising process. Font et al.[36] studied the pyrolysis and combustion 
of seven kind of sludges with different origin and found that the thermal decomposition 
obtained in pyrolysis and combustion can be associated with the origin of the sample. 
Kinetic models for the pyrolysis and combustion of two types of those sludges were also 
studied by considering three parallel reactions.[37] Based on the above literatures, the 
pyrolysis of sewage sludge was usually divided into three temperature reigns. The first 
range between 120 and 180 oC was reported due to the dehydration or drying process. The 
second range between 200 and 550 oC was reported due to the decomposition of organic 
matter. In common, most of mass loss (more than 75% of total mass loss) occurred at the 
second range. The third range above 550 oC should be partly because of the decomposition 
of inorganic matter. 
TG/MS 
The characterization of the gaseous products evolved from pyrolysis is required in 
order to study pyrolysis mechanism and define its heat of combustion. By coupling TG 
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with mass spectrometry (TG/MS), it allows the detection in real time of the gaseous 
species released during the thermal decomposition of sewage sludge. Conesa et al.[38] used 
a TG/MS to investigate the pyrolysis of eight sewage sludges and found that the 
decomposition occurs in three stages (centered on 250 oC, 350 oC, and 550 oC). In the first, 
the main products evolved are CH4, CO2, water, and acetic acid; in the second the main 
products are hydrocarbons and alcohols; the third process produces mainly H2, CH4, CO2, 
and also hydrocarbons and alcohols. However, when gaseous products are simultaneously 
released their correct identification may be difficult by TG/MS, because of the recorded 
mass spectrum shows the fragmentation pattern sum of all the species. Ischia et al.[39] 
reported a method by TG/MS and thermogravimetry/gas chromatography/mass 
spectrometry (TG/GC/MS) for pyrolysis study of sewage sludge and found that this 
technique allows the accurate qualitative and semi-quantitative gas phase analysis of 
released compounds, beside the real time monitoring of the process. 
Slow Pyrolysis 
Slow pyrolysis in a horizontal reactor heated by electrical furnace is the most 
conventional technology with low heating rates. Inguanzo et al.[40] carried out the pyrolysis 
of sewage sludge by this technique to study the influence of pyrolysis conditions, i.e., 
pyrolysis temperatures (450, 650, and 850 oC/min) and heating rates (5 and 60 oC/min), on 
solid, liquid, and gas fractions. It was found that increasing the pyrolysis temperature 
decreases the solid fraction yield and increases the gas fraction yield while that of the 
liquid fraction remains almost constant in a yield of about 40%, which contain 30–40% 
aqueous fraction. Furthermore, increasing of heating rate decreases the solid yield and 
increases the liquid fraction, and the effect of the heating rate was found to be important 
only at low final pyrolysis temperatures. 
In contrast, fast pyrolysis requires rapid heating of 1000 oC/min or higher, which can 
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maximize the bio-oil yield, is currently of particular interest because bio-oil can be stored 
and transported more easily and at lower cost than solid sludge.  
1.3. Fast Pyrolysis of Sewage Sludge for Bio-oil Production 
1.3.1. Principles of Fast Pyrolysis 
A number of reviews have been published to fast pyrolysis of biomass.[30, 41-44] In 
pyrolysis process, biomass decomposes to generate mostly vapors and some char and 
gaseous products within 1 s, as shown in Fig. 1–2.[44] After cooling and condensation of 
the vapor, a dark brown mobile liquid, i.e., bio-oil is formed. However, with a long vapor 
residence time, usually longer than 1 s, the secondary phase cracking and condensation 
will be occurred to the formation of bio-oil and gaseous products. For fast pyrolysis, 
minimize the secondary phase cracking and condensation is crucial. The essential features 
of a fast pyrolysis process for producing liquids are:[30] 
Wood (s)
Char (s)
Wood vapors (g)
bo-oil (l)
Gas (g)
(CO, CO2, CH4)
Primary phase 
decomposition
reactions
     Secondary phase 
cracking +condensation
Re-polymerisation
450－ 550 oC
       <1 s
400－ 500 oC
        >1 s
   atmospheric 
weeks / months
 Gas (g)　
(CO, CO2, CH4)
Char (s) + gas (CO2) 
+ 'bio-oil (l)'
 
Fig. 1–2. Representation of the reaction paths for wood pyrolysis. 
1) Very high heating and heat transfer rates at the reaction interface, which usually 
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requires a finely ground biomass feed; 
2) Carefully controlled pyrolysis reaction temperature of around 500 oC and vapor 
phase temperature of 400–450 oC; 
3) Short hot vapor residence times of typically less than 2 s; 
4) Rapid cooling of the pyrolysis vapors to give the bio-oil product. 
A fast pyrolysis process includes drying the feed to less than 10% water in order to 
minimize the water content in bio-oil, grinding the feed (to around 2 mm particle size in 
the case of fluidized-bed reactors) to give sufficiently small particles to ensure rapid 
reaction, pyrolysis reaction, separation of solids, and quenching and collection of the 
bio-oil.[30] Until now, more than 100 different biomass types, including sewage sludge, 
have been tested for fast pyrolysis. However, almost all research and development on fast 
pyrolysis of sewage sludge has been on the reactor. 
1.3.2. Fast Pyrolysis of Sewage Sludge 
Table 1–4 Summary of previous research on sludge fast pyrolysis for bio-oil production. 
Feedstock Reactor 
Temperature
(oC) 
Heating rate
(oC/min) 
Residence time
(s) 
Bio-oil yield 
(wt.%) 
Ref.
Raw and 
activated SS FB 450 – 0.55 52 
[45] 
Digested SS FB 550 – – > 42 [46] 
Activated SS FB 525 – 1.5 30 [47] 
Digested SS FB 540 – – 33 [48] 
Digested SS FB 450 – – 54 [49] 
SS IHR 500 300 60 35 [50] 
SS MI 490 – – 50 [51] 
daf: dried and ash free basis; IHR: induction-heating reactor; FB: fluidized-bed; SS: 
sewage sludge. 
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Many researchers have investigated the effects of operating parameters such as 
temperature and residence time on product distribution of fast pyrolysis of sewage sludge. 
Many of them have focused on fluidized-bed reactors.[45-49, 52] Recently, some of the 
advanced technique, including induction-heating pyrolysis[50] and microwave irradiation 
(MI) pyrolysis[51, 53] were used for fast pyrolysis of sewage sludge. The summary of 
previous research on sewage sludge fast pyrolysis is listed in Table 1–4. 
Fluidized-bed 
Fast pyrolysis is successful with most of fluidized-bed reactors as it offers high heating 
rates, rapid de-volatilization, easy control and easy product collection. Piskorz et al.[45] 
studied the fast pyrolysis of a dried mixture of raw and activated sewage sludge in a 
bench-scale fluidized-bed reactor at residence times of less than 1 s over the temperature 
range of 400–700 oC and found that a maximum liquid yields of up to 52% (daf) can be 
obtained at the optimum temperature of 450 oC and residence time of 0.55 s. Stammbach et 
al.[46] studied the fast pyrolysis of digested sewage sludge by a bench-scale fluidized-bed 
apparatus in the temperature range 500–650 oC. Shen and Zhang[47] reported that a 
maximum of 30% oil yield (daf) can be achieved by fast pyrolysis of activated sewage 
sludge in a fluidized-bed at 525 oC and a gas residence time of 1.5 s. The authors also 
suggested that higher temperatures and long gas residence times favored the formation of 
gaseous products. Fonts et al.[48] found that the liquid yield of fast pyrolysis of sewage 
sludge in a fluidized-bed was mainly influenced by the bed temperature but also by the 
nitrogen flow rate and the feed rate and the maximum liquid yield was achieved at around 
540 oC. 
Induction-heating reactor 
Due to the characteristics of rapid heating, direct heating, precision control, high 
energy efficiency, and low air pollution, induction-heating technique was successfully used 
 19
to carry out the fast pyrolysis of agricultural wastes, an also for sewage sludge. Tsai et 
al.[50] studied fast pyrolysis of three sewage sludges from the food processing factories with 
the application of induction-heating for examining the effects of pyrolysis temperature, 
heating rate, and holding time on the yield of bio-oil. However, the results indicated that 
the variation of liquid yield was not so significant in the experimental conditions and the 
liquid product contained a significant amount of water (73–90% by weight) and fewer 
contents of complex compound mostly composed of aromatic and carbonyl structures. 
MI 
MI treatment of sewage sludge has shown that when raw wet sewage sludge is treated 
in the microwave, the only effect that takes place is drying. However, if raw sludge is 
mixed with microwave receptor like char, which is the pyrolysis product itself, then high 
temperatures, in the order of 900 oC can be achieved, and pyrolysis occur rather than 
drying.[54] The low temperature of the reactor wall for its direct heating inside the bulk of 
sample led to extended aromatization reaction and thus to an increased yield of light 
aromatic compounds.[55] Moreover, PAHs with a high molecular weight were not observed 
in bio-oil obtained from microwave pyrolysis of sewage sludge, indicating that the 
microwave oil had a low toxic risk.[56, 57] With respect to its characteristics of rapid heating 
and low temperature of the reactor wall, MI pyrolysis is considered as a potential 
alternative to qualitatively and quantitatively optimize the yield of pyrolysis oil for fast 
pyrolysis. Several works have been found on the process of MI pyrolysis of sewage 
sludge.[53-59] However, only few works is reported the application of MI pyrolysis in bio-oil 
production from sewage sludge. Bohlmann et al.[60] reported a MI high pressure pyrolysis 
of sewage sludge and found that the maximum oil yields of 30.7% (daf) can be achieved. 
Tian et al.[51] carried out the MI pyrolysis of sewage sludge and obtained an attractive oil 
yield of 49.8% (daf) under 400 W. The oil product has characteristics such as high calorific 
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value, low density, and preferable chemical composition. The authors also developed a 
model to study the relationship between microwave power and mass balance of product 
fractions and indicated that the power range of the highest transforming efficiency for 
organics in sludge into oils was 400–600 W. 
1.3.3. Gaseous and Solid Products 
During fast pyrolysis, char and gaseous products are by-products. At the optimum 
pyrolysis conditions, the yield of gaseous products is about 10–20% depended on feed 
sludges and pyrolysis reactors. The gaseous products mainly composed of CO2, CO, CH4, 
H2, and hydrocarbons with a lower heating value of about 10–13 KJ/m3.[40, 45-48, 61] Sewage 
sludges contain high content of nitrogen. Part of the nitrogen species should be converted 
to NH3, HCN, and other nitrogen-containing gaseous species during fast pyrolysis. 
However, few reports, if any, were issued on the analyses of those species in the pyrolysis 
gaseous products. Further studies on the analyses of the nitrogen-containing gaseous 
species would be helpful in elucidating the formation mechanisms of all pyrolysis products 
identified in the bio-oils and vent gas. 
About 15–40% of the organic matter will remained mixing with ash to form char 
product. The char obtained from fast pyrolysis of sludge usually contain more than 75% of 
ash content and some combustible contents, e.g., carbon and hydrogen, with a heating 
value about 10–20 KJ/kg.[31, 62] The gaseous and char products could be either burned for 
energy recuperation to provide heat to the fast pyrolysis process. The char could be also 
disposed off by landfilling or used as adsorbents.[63]  
1.3.4. Bio-oil 
The bio-oil from fast pyrolysis of sewage sludge was a nonhomogenous, dark, 
bad-smelling, and sticky liquid.[64] It is composed of a very complex mixture of organic 
compounds with an appreciable proportion of water from both the original moisture and 
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reaction product. The physical properties and elemental compositions of bio-oils reported 
are shown in Table 1–5. The pH value is slightly on the basic side reported by Fonts et 
al.[64] However, the pH values of the pyrolysis liquid products from fast pyrolysis of wet 
sludge were found in the ranges of 2.1–3.3.[50] This should be due to the high oxygen 
content of the sludge feedstock, which was from food processing factories. This was 
consistent with the value obtained by typical wood-derived bio-oil, which generally 
contain substantial amounts of oxygenated and polar compounds such as organic acids, 
resulting in a pH of about 2–3.[30, 65, 66] The viscosity was found significantly depended on 
pyrolysis conditions. The bio-oils obtained at lower reaction temperatures were very 
viscous at room temperature. In contrast, the pyrolysis oils obtained at higher reaction 
temperatures were very fluid.[49] Shen and Zhang[67] reported that high temperature and 
short solid retention time favored the production of oil while high temperatures and longer 
retention times reduced the viscosity of the oil. They also found that bio-oils produced 
from putrescible garbage had relatively higher viscosity compared to those obtained from 
sewage sludge. 
The heating value of bio-oils were in the range of 22–33 MJ/kg, which is by far higher 
than that of the bio-oil obtained from woody biomass, the typical value of which lies 
around 17 MJ/kg. The H/C mass ratio is about 1.6–2.4, which is also much higher than the 
value of wood-derived bio-oil (H/C=1.4), reflecting the high amount of aliphatic carbon 
chains in the bio-oils. The nitrogen content in the bio-oils was relatively high, from 
4.9–11.1 wt.%. The high nitrogen content causes a serious problem related NOx emission 
when bio-oil is used in fuel applications. The sulfur content of the bio-oils was fortunately 
very low, usually with a value not higher than 1 wt.%. 
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Fig. 1–3. Chemical composition of bio-oils from three sewage sludge samples.[61] 
A variety of attempts, e.g., analyses with gas chromatography/mass spectrometry 
(GC/MS),[47, 51, 53, 57, 61-64, 68-72] multidimensional GC/MS,[73] gas chromatography/atomic 
emission detector (GC/AED),[51], nuclear magnetic resonance (NMR),[47], and Fourier 
transform infrared (FTIR) spectroscopy, [53, 62, 63, 72] have been made to better understand 
the chemical composition of bio-oil produced from sewage sludge. Fig. 1–3 shows the 
proportion (% area) of the groups in the bio-oils obtained with three sewage sludge 
samples. Based on the previous literatures, some of the organic groups in the sewage 
sludge-derived bio-oils are mentioned below: 
z Aliphatic compounds: 1-alkenes, n-alkanes, and cyclo-alkanes with a number of 
carbons ranging from C12 to C22, etc. 
z Steroids: cholestene and alkyl cholestenes, etc. 
z Ketones: alkyl cyclopentenones and pentaddecanones, etc.  
z Saturated fatty acids and esters: C12–C18 fatty acids and esters, etc. 
z Phenols: phenol, naphthol, and their alkyl derivatives, etc. 
z Aromatic hydrocarbons: benzene, indene, and naphthalene and their alkyl derivatives, 
fluorene, phenanthrene, fluoranthene, and pyrene, etc. 
(■) S1 
( ) S2 
( ) S3 
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z Nitrogen containing aromatic/heteroaromatic compounds: pyridines, pyrazines, 
pyrroles, imidoles, pyrimidine, quinoline, and 1H-indole, etc. 
z Amines: pyridinamines and 4-methoxy-benzenamine, etc. 
z Amide: fatty acid amides, etc. 
z Nitriles: long chain nitriles, benzonitrile, 2-pyridinecarbonitrile, benzeneacetonitrile, 
and benzenepropanenitrile, etc. 
1.3.5. Fuel Applications of Bio-oil 
The bio-oil obtained from fast pyrolysis of biomass can be directly used in boiler, 
diesel engines, and gas turbines for generation of heat and power. The bio-oil are also 
considered has the advantage of being a storable and transportable fuel after upgrading 
(deoxygenation) as well as a potential source of a number of valuable chemicals that offer 
the attraction of much higher value than fuels. A number of reviews have been published 
giving the current applications of the bio-oil from fast pyrolysis of biomass.[29, 42, 44, 65, 66, 74, 
75] 
In the application of the bio-oil as a fuel, it is preferred that the compounds in the oil 
are straight chain hydrocarbons as they have a high heating value and also low viscosity. 
Low aromatic and polar content is also desirable for energy valorization.[62] As mentioned 
above, the sludge-derived bio-oil has a relatively higher aliphatic content and caloric value, 
and rather lower amounts of oxygen, in comparison with those wood-derived bio-oils, 
indicating a potential fuel property. However, compared with bio-oil from ligneous 
biomass, the bio-oil produced from sewage sludge was reported to have much higher 
contents of organic nitrogen species (ONSs), which are converted to NOx and N2O when 
the bio-oil is used as fuel, causing acid rain, photochemical smog, greenhouse effects, and 
ozone-layer depletion.[30, 65] Therefore, directly application of the bio-oil in boiler, diesel 
engines, and gas turbines is unfeasible. To use the bio-oil as clean fuel, upgrading to 
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removal of the harmful components, especially ONSs, in the bio-oil must be considered. In 
recent publications, studies have been reported on the pyrolysis of toluene-extracted 
sewage sludge lipids, which consisted of 65% straight-chain carboxylic acids, 7% 
triglycerides, and 28% unsaponifiables, over activated alumina at 450 oC and atmospheric 
pressure.[76, 77] The pyrolysis liquid products were hydrocarbon mixtures which contained 
predominantly alkanes and alkenes and negligible nitrogen and sulfur content. The 
physical properties of the liquid hydrocarbons were measured and compared to those of 
diesel fuel and the results suggested that these liquid products could be viable diesel fuel 
substitutes or cetane enhancers.[78] However, information on upgrading of sludge-derived 
bio-oil is limited yet.  
1.3.6. Chemical Utilization of Bio-oil 
On the other hand, the bio-oil can be converted into useful chemicals by taking 
advantage of its most abundant functional groups, e.g., carbonyl, carboxyl, and phenolic 
groups in wood-derived bio-oil.[30] There are many substances that can be extracted from 
bio-oil, such as phenols used in the resins industry, volatile organic acids in formation of 
deicers, levoglucosan, hydroxyacetaldehyde, and some additives applied in the 
pharmaceutical, fiber synthesizing or fertilizing industry and flavoring agents in food 
products.[66] Commercialization of special chemicals from bio-oil requires more work on 
developing reliable low-cost separation and refining procedures as well as working more 
closely with potential market outlets.[65] 
In the case of sewage sludge, the bio-oil it is rich in ONSs, some of which is 
value-added ones. For example, many ONSs are medicines and drugs or their 
intermediates.[79-81] Application of the sludge-derived bio-oil as feedstock of chemicals 
should be an alternative method. However, chemicals application of bio-oil has not been 
well studied yet due to the lacking understanding of the chemical composition of bio-oil. 
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1.3.7. Summary 
Fast pyrolysis for bio-oil production is considered as a promising alternative 
technology that converts sludge waste into useful products of gas, oil, and solid char, 
instead of its less acceptable common disposal processes, including agriculture application, 
landfill, and incineration. However, the information on the detail understanding of the 
pyrolysis mechanism and chemical composition of the bio-oil is still very limited. Further 
study on the chemical composition, especially the ONSs, of the bio-oil would be helpful in 
developing the application of the bio-oil. 
1.4. Objectives of This Study 
Based on the above literatures, sewage sludge is the major byproduct of WWTPs 
worldwide. It becomes a growing problem as a potential source of heavy metal- and 
pathogen-containing wastes with increasing production. Fast pyrolysis of sewage sludge 
for bio-oil production is considered as a promising alternative technology instead of its less 
acceptable common disposal processes, including agriculture application, landfill, and 
incineration. However, high nitrogen content in sewage sludge represents a drawback due 
to the formation of NH3, HCN, and ONSs, which are converted to NOx and N2O during 
combustion, considered as a cause of severe environmental pollution. In order to develop 
pyrolysis processes for reducing the formation of nitrogen-containing products, it is 
significant to understand the distribution and the structures of the NCSs formed from the 
fast pyrolysis. The first objective of this study is to study the nitrogen transformation 
during fast pyrolysis of sewage sludge. 
Many researchers investigated fast pyrolysis of biomass wastes in lab-scale fixed-bed 
and fluidized-bed. For commercial and industrial applications, fluidized-bed technology 
appears to have the most potential in fast pyrolysis of biomass wastes for bio-oil, as it 
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offers a high heating rate, rapid devolatilization, easy control, and low cost. A recent 
development in fluidized reactor technology is the internal circulating fluidized-bed 
(ICFB), which is potentially applicable to large scale operation. The ICFB provides heat to 
the highly endothermic pyrolysis/gasification process by burning the solid char in a 
separate chamber and transferring such heat to the pyrolysis/gasification with circulating 
solids. This technique has been utilized for biomass wastes incineration and gasification, 
but has not been applied to the fast pyrolysis of biomass wastes. The second objective is 
the investigation of fast pyrolysis of biomass wastes, including sewage sludge, in an ICFB 
reactor for bio-oil production. 
To use the bio-oil as clean fuel, removal of harmful components, especially ONSs, in 
the bio-oil must be considered and identification of heteroatom-containing organic species 
in the bio-oil is necessary for removing harmful components from the bio-oil. On the other 
hand, since the bio-oil consists of various organic compounds, including many value-added 
ones, it is more important and necessary to make full understanding of molecular 
composition of the bio-oil in order to use the bio-oil as feedstock for fine chemicals and 
advanced materials. Screening and isolating the ONSs in the bio-oil significantly depends 
on the identification of the ONSs. The third objective is getting the detail chemical 
composition of the bio-oil. 
1.5. Outline of This Study 
   Chapter 2 describes the general thermochemical characteristics and chemical 
composition of the starting materials obtained by ultimate and proximate, heating value, 
ash composition, TG, and FTIR analyses. 
Chapter 3 investigates the fast pyrolysis of sewage sludge in a well designed drop tube 
reactor. The effects of reaction temperature and sweeping gas flow rate (SGFR) on product 
yields, gas composition, carbon balance, and the distribution of NCSs formed during fast 
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pyrolysis are investigated. In addition, pyrolysis parameters on carbon and nitrogen 
distributions were compared and the possible formation routes of NCSs are presented. 
Chapter 4 reports the application of ICFB, which is an advance fluidized-bed 
technology, to prepare bio-oils from the most abundant biomass waste, i.e., sewage sludge, 
livestock and wood biomass, in Japan. Especially, the physicochemical properties of the 
bio-oils are characterized to determine its possibility as a potential source of fuel or 
chemical feedstock. 
Chapter 5 presents the characterization of detail chemical composition of 
sludge-derived bio-oil. The bio-oil sample is separated by silica-gel column 
chromatography, which is an important technique for separating soluble organic mixture 
with complex composition. The resulting fractions are characterized with GC/MS and 
FTIR to understand the detail chemical composition, especially the ONSs of the 
sludge-derived bio-oil. 
Chapter 6 presents the investigation on the formation and isolation of an important 
chemical, i.e., triacetonamine, in bio-oils from fast pyrolysis of sewage sludge using 
acetone as absorption solvent. 
Chapter 7 describes the conclusion of this dissertation and direction for future works. 
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Chapter 2. Main Characteristics of Raw Materials 
2.1. Introduction 
Prior to the pyrolysis experiments, knowledge of the main characteristics, e.g., 
chemical and physical properties and thermal behavior of the raw materials should be 
studied first. The common physical properties can be acquired by proximate, ultimate, and 
heating value analysis. FTIR spectroscopy being a nondestructive analytical method is 
usually used for the structure elucidation of a large variety of organic, inorganic, and 
biological samples. The content of the main biochemical components carbohydrates, 
proteins, fats, as well as lignin, cellulose, etc., can be determined by FTIR analysis.[1] 
Therefore, FTIR was explored for characterization the chemical composition of the raw 
material. The design of furnaces and the pyrolysis parameters is achieved requires the 
thermodynamic properties of the raw material used. TG analysis is one of the techniques 
used to study the thermodynamic properties of the solid materials, having been widely used 
to study the thermal decomposition of coal and other materials. The interpretation of the 
experimental data can provide information on the composition of the material, order of 
reaction, number of different processes that take place in the reaction, and the 
corresponding kinetic constants.[2] 
In this chapter, the thermochemical characteristics of the starting materials were first 
studied, including ultimate analysis, proximate analysis, heating value, ash composition 
analysis, and TG analysis. The chemical composition of the raw materials was then 
characterized by FTIR. 
2.2. Materials 
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Fig. 2–1. Image of raw materials. 
Three raw materials, i.e., sewage sludge, pig compost (PC), and wood chip (WC) were 
used in this study. The sewage sludge was a dehydrated anaerobically digested sludge 
collected from sewerage management centre in Ako, Hyogo, Japan (Ako sludge sample, 
ASS). PC sample was obtained from a piggery in the Gunma Prefecture, Japan. The WC 
used was the Japanese red pine procured from a lumber mill in the Gunma Prefecture, 
Japan. 
A part of ASS was pulverized to pass through a 60–mesh sieve (<0.25 mm) followed 
ASS 
(< 0.25 mm) 
ASS 
(< 2 mm) 
PC WC
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by drying at 107 °C for 24 h and then stored in an airtight container before use. The 
experiments in Chapter 3, 5 and 6 were based on the utilization of this dried ASS (<0.25 
mm) as feed material. 
All the three samples were feed materials in the ICFB pyrolysis experiments in 
Chapter 4. Each sample was pulverized to a particle size less than 2.0 mm before use. Fig. 
2–1 shows the image of raw materials used in the study. 
2.3. Experimental 
An ultimate analysis was conducted with a Leco CHN-2000 elemental determinator 
and a Leco SC-432 sulfur determinator (Leco Corp., St. Joseph, MI) and the HCV was 
determined with a Shimadzu CA-4PJ auto-calculating bomb calorimeter (Shimadzu, Kyoto, 
Japan). The contents of major components in ash obtained at 815 oC for 1 h were 
determined with a Shimadzu EDX-700 energy dispersive X-ray spectrometer (Shimadzu, 
Kyoto, Japan). Table 2–1 summarizes the main characteristics of the three raw materials, 
while Table 2–2 shows the ash composition of the raw materials. 
Thermal behaviors of the raw materials were carried out in a ULVAC-RIKO TGD 
9600S thermogravimetric analyzer (ULVAC-RIKO, Yokohama, Japan). About 50 mg of 
sample was placed in a pottery crucible and heated at 10 oC/min from ambient temperature 
to 700 oC under a dry argon flow of 500 cm3/min. The TG and derivative 
thermogravimetry (DTG) data were obtained using the software in the analyzer. 
In FTIR analysis, a mixture (1:10 w/w) of raw material with spectroscopic grade KBr 
was prepared and ground finely in an agate mortar. Then it was transferred into a sample 
cup (13 mm i.d.) to overflowing and a spatula was scraped across the top of the cup to 
remove excess powder and smoothed the sample surface in order to maintain uniform 
distribution of particle size. The process was then repeated with pure KBr in a separated 
sample cup. The sample cup was then loaded into a Nicolet Magna-II 550 spectrometer 
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equipped with Spectra-Tech diffuse reflectance accessory, IR source, KBr beam splitter 
and a deuterated triglycerine sulfate/KBr detector. Diffuse reflectance infrared Fourier 
transformed spectrometry (DRIFTS) spectrum was collected 128 scans at a resolution of 4 
cm–1 in reflectance mode with measuring regions of 4000–400 cm–1. The pure KBr 
background spectrum was subtracted from the sample spectrum. 
2.4. Results and Discussion 
2.4.1. Proximate, Ultimate, Heating Value, and Ash Analysis 
Table 2–1 Characteristics of raw materials. 
a Mar: moisture as received basis; A: ash; V: volatile matter; FC: fixed carbon; d: dried 
basis; daf: dried and ash-free basis; St,d: total sulfur in dried basis. b calculated by 
difference. 
Table 2–2 Ash composition of raw materials. 
Proximate analysis (wt.%)a Ultimate analysis (wt.%, daf) 
Samples 
Mar Ad Vd FCdb
 
C H N Ob 
St,d 
(wt.%) 
H/C
HCV 
(MJ/kg)
ASS 
(d<0.25 mm) 
12.3 28.7 60.0 11.3  50.7 7.7 8.7 31.3 1.6 1.8 16.2 
ASS 
(d<2 mm) 
11.5 30.0 59.5 10.5  48.6 7.7 8.2 34.0 1.6 1.9 16.6 
PC 27.6 19.8 67.4 12.8  50.9 6.8 5.2 36.6 0.7 1.6 15.9 
WC 9.8 0.3 85.9 13.8  51.7 6.2 0.3 41.8 <0.1 1.4 20.7 
Ash composition (expressed as wt.% of metal oxides) 
Samples   
CaO P2O5 SiO2 Al2O3 Fe2O3 K2O TiO2 CuO ZnO SrO 
ASS 28.9 20.0 19.7 13.5 4.4 2.8 2.2 1.1 0.9 0.7 
PC 54.4 12.8 3.4 – 3.5 17.4 – 0.3 0.7 – 
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As listed in Table 2–1, ASS and PC have ash contents higher than 19.8%, while WC 
has the highest volatile matter content. ASS and PC contain much higher nitrogen and 
sulfur in comparison with WC. The much higher nitrogen and sulfur contents should be 
taken into account because of the conversion to NOx and SOx precursors during the 
pyrolysis process. The high H/C atomic ratio of ASS shows a strong aliphatic character, 
suggesting the presence of long chains with CH2 groups. From the standpoint of 
conversion of waste-to-energy, the heating value of biomass is a very important factor. The 
highest HCV can be assigned to the WC, which has the highest combustible matter and 
lowest ash content. There has a negligible difference between the two sludge samples with 
difference particle size. As shown in Table 2–2, ASS ash has a complex composition, 
which mainly composed of calcium, phosphorus, silica, and aluminum. However, the ash 
composition of PC is quite simple. More than 92% of PC ash is calcium, phosphorus, and 
potassium, especially calcium, which account for 54% of the ash content. XRD 
measurement of PC showed that limestone (CaCO3) and quartz (SiO2) are the major crystal 
phases.[3] 
2.4.2. TG Analysis 
TG analysis provides a prior knowledge of initial and final temperatures for thermal 
degradation of raw materials. As Fig. 2–2 shows, the decomposition mainly occurred 
between 200 and 500 oC. The weak peak ranging from 120 to 180 oC in the DTG curve of 
ASS corresponds to the vaporization of absorbed water.[4] The DTG curves of ASS and PC 
exhibit very similar patterns. The main decomposition step took place between 220 and 
400 oC with two strong peaks at 290 oC and 320 oC, which may be caused by the pyrolysis 
of hemi-celluloses and celluloses, respectively.[3, 5] Following the main step below 400 oC, 
a shoulder between 400 and 500 oC was observed. In general, the pyrolysis of lignin occurs 
above 400 oC.[5-7] At the same time, sludge and compost are rich in proteins, the 
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decomposition of which also occurs above 400 oC.[3, 8] Therefore, the shoulder between 
400 and 500 oC should be associated with the decomposition of lignin and proteins. In the 
case of WC, only one strong peak between 320 and 400 oC with two small shoulders at 
220–320 and 400–500 oC were observed. The corresponding temperature to the maximum 
weight loss in the strong peak is ca. 360 oC, which may be caused by cellulose 
decomposition. The shoulders at 220–320 and 400–500 oC should be the pyrolysis of 
hemi-celluloses and lignin, respectively. It could be inferred that the organic matter in WC 
is mainly composed of celluloses. 
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Fig. 2–2. TG and DTG curves of the waste samples. 
2.4.3. FTIR Analysis 
As an excellent technique with high sensitivity and sample preparation, DRIFTS was 
used to determine the organic functional groups in ASS. Interpretation of the spectra is 
based on previously published data.[1, 9-11]  
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Table 2–3 Structural features of the waste samples by FTIR spectral analysis. 
Absorbance 
intensity Wavenumbers
(cm–1) 
Assignment 
ASS PC WC 
1734 Unconjugated C=O in xylans (hemi-celluloses) W VW S 
1660 Absorbed O–H and conjugated C–O VS VS S 
1598, 1511 Aromatic skeletal in lignin O O S 
1461, 1425 C–H deformation in lignin and carbohydrates S S S 
1372 C–H deformation in celluloses and hemi-celluloses W W S 
1268 C–O stretch in lignin W W S 
1158 C–O–C vibration in celluloses and hemi-celluloses O O VS 
1119 Aromatic skeletal and C–O stretch VS VS VS 
1057 CH2–OH stretch in celluloses and hemi-celluloses VS VS VS 
VS: very strong; S: strong; O: ordinary; W: weak; VW: very weak; N: none.  
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Fig. 2–3. FTIR spectra of the waste samples. 
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As shown in Fig. 2–3, FTIR spectra of ASS and PC show a strong similarity of the 
main absorbance bands, i.e., strong O–H stretching absorbance at 3280 cm–1, C–H 
stretching absorbance at 2930 cm–1, C=O stretching absorption at 1655 cm–1, N–H bending 
absorbance at 1540 cm–1 along with a broad and strong band in the 940–1190 cm–1 region. 
The strong absorbance between 2800 and 3000 cm–1 and an additional band around 1455 
cm–1 are assigned to aliphatic C–H stretching and bending, respectively, showing a high 
degree of aliphaticity of ASS and PC.[10] The shoulder at 1730 cm–1 in ASS spectrum is 
assigned to C=O stretching of ester carbonyl groups.[10] These aliphatic and carbonyl 
structures reflected the occurrence of lipid in ASS.[1] The weak and broad band at around 
2120 cm–1 in ASS spectrum can be assigned to nitrile (–C≡N) and isonitrile (–N=C) 
stretching.[11] The main absorbance in the FTIR spectra of ASS and PC in the region of 
940–1190 cm–1, which was reported to be a typical absorbance of wastes, is assigned to be 
C–O stretching of polysaccharide and Si–O of silicate.[1] The broad bands at 1655 and 
1540 cm–1 are of protein origin (amide I and amide II correspondingly)[1, 11], suggesting the 
presence of significant amounts of proteins, which are at least partly responsible for the 
high nitrogen content of ASS and PC. Similar to the published FTIR spectra of wood chips, 
the spectrum of WC shows many well-defined peaks in the region of 1800–600 cm–1.[1, 12] 
According to the published work, the absorbance assignments can be summarized in Table 
2–3. 
2.5. Summary 
ASS and PC have similar physical and chemical properties, e.g., high ash and nitrogen 
content and strong aliphatic character. ASS has a higher ash content and more complex 
composition of inorganic matter in comparison with PC. Organic matter in ASS is mainly 
composed of protein, lipid, and polysaccharide, most of which were evolved during 
pyrolysis at 550 oC. The high nitrogen content in ASS and PC should be partly due to the 
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present of significant amounts of proteins in the two samples. From TG analysis, 400 oC 
can be chosen as the minimum pyrolysis temperature for the following fast pyrolysis 
experiments due to the significantly reducing the rate of mass loss of the three raw 
materials at this temperature. 
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Chapter 3. Fast Pyrolysis of Sewage Sludge in a Drop Tube Furnace 
3.1. Introduction 
Fast pyrolysis is considered as promising alternative technology that converts sludge 
into maximize bio-oil product in an oxygen-free atmosphere at relatively low temperature, 
rapid heating rate, and short gas residence time.[1, 2] However, the nitrogen in sewage 
sludge accounts for up to 9 wt.% (daf),[3-5] resulting in much higher nitrogen content in 
bio-oil from fast pyrolysis of sewage sludge than that from ligneous biomass.[6, 7] In order 
to develop pyrolysis processes for reducing the formation of nitrogen-containing products, 
it is significant to understand the distribution and the structures of the NCSs formed from 
the fast pyrolysis. Many researches investigated the pyrolysis mechanism[8] and the effects 
of operating parameters[1, 2] on product distribution using different pyrolysis reactors and 
by characterizing the gases,[6] oils,[5, 9] and solid char,[5] but to our knowledge, few reports, 
if any, were issued on the nitrogen transformations during fast pyrolysis of sewage sludge. 
In this chapter, fast pyrolysis of ASS was carried out to investigate the effects of 
reaction temperature and SGFR on product yields, gas composition, carbon balance, and 
the distribution of NCSs formed. In addition, pyrolysis parameters on carbon and nitrogen 
distributions were compared and the possible formation routes of NCSs were presented. 
3.2. Experimental 
3.2.1. Pyrolysis 
As shown in Fig. 3–1, the fast pyrolysis experiments were performed at a prescribed 
temperature between 400 and 700 oC and an indicated SGFR between 150 and 1200 
cm3/min in a drop tube quartz reactor (10 mm i.d. and 500 mm long) heated by electrical 
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furnace and Ar was used as a sweeping gas. During the experiments, temperature 
measurements were taken above the quartz frit, with a K-type thermocouple in the middle 
of the tubular reactor. For each experiment, the reactor was heated up to the selected final 
temperature and then 2 g ASS was fed continuously dropped to the frit at a rate of 
approximate 0.1 g/min. After the sample was fed, the temperature was held for 10 min until 
no significant release of gas was observed. The liquid products were collected in a tar trap 
series with methanol cooled with an ice-water bath while the noncondensable gases were 
collected in a gas bag for gas chromatography analysis. After the experiments, methanol 
was removed with a rotary evaporator and the residual liquid was weighed as the liquid 
product. The residual solid remained above the frit was transferred and weighed as char. 
 
Fig. 3–1. Schematic diagram of the fast pyrolysis process. 
In order to determine the amounts of HCN and NH3 formed, other experiments were 
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carried out using deionized water (DIW) as the absorption solvent in the same manner as 
above. The oil product dissolved in DIW is denoted as water-soluble oil (WSO) and the 
undissolved part as water-insoluble oil (WISO). 
All the product yields are average form at least two repeated experiments and were 
calculated on daf basis. 
3.2.2. Characterization of Gaseous Products 
The resulting carbonaceous gases were chromatographed by a Shimadzu GC14B gas 
chromatography/flame ionization detection (GC/FID) (Shimadzu, Kyoto, Japan) equipped 
with a methane converter to convert carbon oxides into detectable CH4, while H2 and N2 
were analyzed by a Shimadzu GC14B gas chromatography/thermal conductivity detector 
(GC/TCD) (Shimadzu, Kyoto, Japan), but the accuracy of N2 was somewhat low due to its 
low concentration as well as low sensitivity of the detector. The gas yield was calculated 
by sum of gases repeatedly detected by GC/TCD and GC/FID at least twice. The lower 
caloric value (LCV) of the gaseous products was calculated using the following 
equation:[10] 
)/(2.4)3.1514.857.250.30( 342 mkJHCCHHCOLCV mn ××+×+×+×=  
where CO, H2, CH4, and CmHn are the molar ratio of the CO, H2, CH4, and C2–C4 
hydrocarbon in the gas product. 
A gas detector tube (No. 11S, Gastec, Japan) was used to detect NO and NO2 in the 
gaseous mixture but as a result of neither NO nor NO2 was detected. 
3.2.3. Characterization of Solid Products 
Total carbon and nitrogen contents in char recovered were determined with the 
Leco-2000 elemental determinator. 
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3.2.4. Characterization of Bio-oils 
The water content of the liquid mixture was repeatedly measured at least twice using a 
KEM MKS-610 Karl-Fischer moisture titrator (KEM, Kyoto, Japan). Total organic carbon 
(TOC) and total nitrogen (TN) contents in WSOs were determined with a TOC-TN 
analyzer (TOC-VCPH, Shimadzu, Kyoto, Japan). A part of CO2 in the gaseous mixture 
dissolved in DIW was also determined as inorganic carbon with a TOC analyzer. 
NH3 and HCN absorbed in DIW were quantified with an ion chromatograph (IC, 
ICA-2000, DKK TOA, Tokyo, Japan). The quantification of NH3 was carried out with 
electrical conductivity detector following by separation in a PC-321 column with 6 mmol 
methanesulfonic acid as the eluent. HCN was quantified with amperometric detector 
following by separation in a Shodex IEC DEAE-825 column with an aqueous solution of 
0.5 mmol Na2CO3, 10 mmol NaHCO3 and 1 mmol ethylene diamine as the eluent. 
3.3. Results and Discussion 
3.3.1. Pyrolysis Yields 
The effects of temperature and SGFR on the yields of the resulting products from fast 
pyrolysis of ASS were examined. In each experiment, the gas yield was calculated by sum 
of gases detected by GC, CO2 dissolved in DIW, NH3, and HCN. The oil yield was 
calculated by subtracting water from liquid product. The mass balances were found with a 
confident level of higher than 91%. 
As shown in Fig. 3–2a, raising temperature from 400 to 700 oC decreased the char 
yield because of the progressive pyrolysis conversion. However, the rate of declination in 
the range of 550–700 oC is not as fast as that in the range of 400–550 oC (32.8–21.4% 
versus 21.4–19.76%). The results show that most of volatile matter from ASS was evolved 
at about 550 oC. This trend was also observed for other biomass wastes.[11, 12] The oil yield 
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increased from 40.1% to 46.0% (the maximum value) by raising pyrolysis temperature 
from 400 to 500 oC and then sharply decreased to 32.2% by further raising pyrolysis 
temperature from 500 to 700 oC. At the same time, the gas yield continuously increased to 
the maximum value 37.0%. This tendency, which is typical in biomass pyrolysis, resulted 
from the secondary cracking of pyrolysis vapors at higher temperatures.[12] Changing 
temperature did not result in obvious change in water content (ca. 4.9–5.1%) in the liquid 
mixture. Most of water produced should be derived from the absorbed water in ASS and 
the condensation reactions during the devolatilization of organic matter. 
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Fig. 3–2. Effects of temperature (a) and SGFR (b) on product yields. 
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The residence time of the gas produced is affected by SGFR and thereby pyrolysis at 
optimum SGFR can minimize the secondary reactions such as recondensation, 
repolymerisation and char formation.[6] As shown in Fig. 3–2b, increasing the SGFR from 
150 to 600 cm3/min increased the oil yield from 43.7% to 48.7% (maximum value), while 
the gas and water yields slightly decreased. The negligible change in product yield was 
observed by increasing the SGFR from 600 cm3/min. Thus pyrolysis at 500 oC and 600 
cm3/min of SGFR appears to be suitable for obtaining oil in a high yield from ASS. 
3.3.2. Carbon Distribution 
Carbon balance of the experiments using DIW as absorber was established for further 
understanding the conversion of organic carbon during pyrolysis process. As shown in Fig. 
3–3a, 43.0% of carbon retained in char at 400 oC and then the char-C (carbon in char) yield 
decreased to 33.5% at 550 oC. No obvious change in the char-C was found above 550 oC, 
indicating that carbon release was nearly completed at 550 oC. However, as mentioned 
above, the char yield decreased from 21.4% at 550 oC to 19.8% at 700 oC. During the 
experiments, the pyrolysis vapors encountered the char particles accumulated on the frit 
and carbonaceous deposit might be formed via secondary decomposition of pyrolysis vapor 
on the char surface. As a result, no significant change in the char yield was observed above 
550 oC. The maximum conversion (54.5%) of SS-C (carbon in ASS) to oil-C (carbon in oil) 
was achieved at 500 oC. Within the oil-C, the yield of WISO-C (carbon in WISO) is higher 
than that of WSO-C (carbon in WSO), especially during pyrolysis below 550 oC, indicating 
that most of the oil from fast pyrolysis of ASS is WISO, which is usually named as heavy 
oil.[1] The gas-C (carbon in gas) yield increased sharply by raising pyrolysis temperature 
from 550 oC to 700 oC, whereas the yields of WISO-C and WSO-C decreased due to the 
decomposition of volatile matter into gaseous species.[1, 12] 
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Fig. 3–3. Effects of temperature (a) and SGFR (b) on carbon distributions. 
As Fig. 3–3b shows, char-C and gas-C yields decreased slightly with increasing SGFR. 
About 24.4–26.2% of SS-C was converted to WSO-C, which accounts for half of oil-C at 
the SGFR below 300 cm3/min. When the SGFR was increased to 600 cm3/min, the yield of 
WSO-C sharply decreased to 18.0%, while the yield of WISO-C increased to 39.9%. 
Therefore, secondary cracking reactions at 500 oC are significant only at the SGFR below 
600 cm3/min. 
3.3.3. Nitrogen Distribution 
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Fig. 3–4. Effects of temperature (a) and SGFR (b) on nitrogen distributions. 
Effect of Pyrolysis Temperature 
As can be deduced from Fig. 3–4a, the nitrogen distribution, especially for char-N 
(nitrogen in char), NH3, HCN, and WISO-N (nitrogen in WISO), is strongly affected by 
pyrolysis temperature. At 400 oC, ca. 37.2% of SS-N (nitrogen in ASS) was found to retain 
in char. Then the conversion to char-N was monotonously reduced to 18.6% due to a 
continuous release of volatile nitrogen. The release of SS-N showed a different pattern 
from that of SS-C, in which negligible release was obtained above 550 oC. As Fig. 3–5a 
demonstrates, the N/C atomic ratio in char decreased by raising pyrolysis temperature. This 
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trend further indicates the secondary reaction of vapor from pyrolysis deposited on the char 
surface. 
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Fig. 3–5. Effects of temperature (a) and SGFR (b) on N/C atomic ratio of pyrolysis 
products. 
NH3, HCN, and N2 were detected as nitrogen-containing gaseous products from 
pyrolysis and their yields increased by raising pyrolysis temperature. NH3 is main 
nitrogen-containing gaseous products under all the conditions. At 400 oC, significant 
formation of NH3 (25.4% of SS-N) was observed. The yield of NH3 increased sharply to 
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32.5% by raising pyrolysis temperature to 500 oC and then increased to 35.7% at 700 oC. 
This trend is different from previous study on the coal pyrolysis, in which NH3 started to 
evolve above 600 oC.[13, 14] As mentioned in DRIFTS and TG analyses, ASS contains 
significant amount of proteins, most of them can be pyrolyzed in temperature range of 
400–500 oC. Therefore, the formation of NH3 below 500 oC should be related to its high 
protein content. This conclusion is in good agreement with the study by Tian et al.,[15] who 
considered that the formation of NH3 below 400–500 oC is attributed to pyrolysis of the 
amino structures in sludge to some extent. Pyrolysis of proteins as model compounds 
revealed that the composition of amino acids in proteins has a remarkable impact on the 
formation of NH3.[16] 
The trend in the formation of HCN is different from that of NH3. Below 550 oC, HCN 
yield is generally low (<1.8% of SS-N), indicating that of protein pyrolysis did not produce 
significant amount of HCN. HCN yield increased sharply to 5.8% by raising temperature 
to 700 oC. As shown in Fig. 2–2 in Chapter 2, a complete release of volatiles occurred and 
the secondary cracking of volatile matter from pyrolysis took place above 550 oC. Similar 
trend was observed in the pyrolysis of wastes.[15, 17] Li and Tan[18] suggested that the 
thermally labile N-containing species are mainly responsible for the formation of HCN. 
Johnson and Kang[19] reported that nitrogen-containing aliphatic rings can produce 
methanimine (or can furnish such rings as intermediates) and subsequently afford 
relatively high amount of HCN during pyrolysis. Such compounds were reported in large 
amounts in the bio-oils from fast pyrolysis of sewage sludge.[2, 5] The pyrolysis of the 
compounds should be main route for the formation of HCN. 
The formation of N2, which is not the precursor of NOx and N2O, is a proposed 
conversion in the pyrolysis stage. Previous studies[20, 21] showed that N2 originated mainly 
from char-N and Fe-containing minerals catalyzed solid phase reactions to extract N2 from 
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char and/or precursors. As listed in Table 2–1 in Chapter 2, ASS contains a small amount 
of Fe-containing mineral, which is responsible for the formation of N2.  
More than 50% of SS-C was converted to oil-C at temperatures lower than 550 oC and 
WISO-C was the main component. In contrast, only 34.3–37.8% of SS-N was converted to 
oil-N (nitrogen in oil) at 400–700 oC and most of oil-N is WSO-N (nitrogen in WSO). As 
Figs. 3–2a and 3–5a illustrate, raising pyrolysis temperature from 550 to 700 oC increased 
the WSO-N yield and the N/C atomic ratio in WSO but decreased WISO-N yield. 
Effect of SGFR 
Further experiments were carried out to understand the effect of SGFR on nitrogen 
distribution. Data in Fig. 3–4b show that the yields of NH3, N2, and char-N decreased, 
whereas the yield of oil-N increased, by increasing SGFR. Pyrolysis of coal[21] and 
polyamide[22] tended to show an increase in the NH3 and HCN yields with increasing 
residence time, but in our present study, the HCN yield was not significantly affected by 
SGFR. The low pyrolysis temperatures could be an important reason for the result, since 
the formation of HCN is difficult at low temperatures. WSO-N was found as the main 
oil-N at SGFR of 150 and 300 cm3/min. The WSO-N yield decreased sharply by increasing 
SGFR from 300 to 600 cm3/min and then remained changeless above 600 cm3/min. As 
shown in Fig. 3–5b, the N/C atomic ratio of WSO decreased, while that of gas increased 
by increasing SGFR from 300 to 600 cm3/min, suggesting that secondary reactions 
significantly promoted the conversion of the WISO-N to WIO-N during the SGFR lower 
than 600 cm3/min. 
3.3.4. Gas Composition 
As shown in Fig. 3–6, varying pyrolysis temperature shows a great influence on the 
yield and composition of gaseous products. At the lower temperature (400–500 °C), CO2 
and NH3 are the dominant gaseous species. Raising pyrolysis temperature lead to a sharp 
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increase in yields of CO, H2, CH4, and C2~ hydrocarbons, as well as a slight increase in 
yields of CO2 and NH3, over the whole range of temperatures studied in this work. As 
mentioned in 3.3.1, the secondary cracking of pyrolysis vapors at higher temperatures 
cause the increase of gas yield. At 700 oC, the combustible species, i.e., H2, CO, and 
hydrocarbons, become the main gaseous species. Previous work on fast pyrolysis of 
sewage sludge in fluidized-bed[1, 3] and fixed-bed[23] also showed the same behavior. The 
higher content of combustible gases in gaseous product means the higher of the heating 
value. As listed in Table 3–1, the heating value of gaseous products increased straightly as 
raising temperature. At 700 oC, LCV of gaseous product reached 19.1 MJ/m3, which 
belongs to the medium level of heat values for gas fuels that can be directly used for gas 
engine, gas turbine or boiler for power generation. Also, it can provide some part of the 
energy requirements of the pyrolysis plant. 
As Fig. 3–7 shows, all the gas yields, especially the combustible species, as well as the 
LCV as listed in Table 3–1, decreased slightly with increasing SGFR. The variation was 
significantly when the SGFR was increased from 300 to 600 cm3/min. This should be due 
to the secondary cracking reactions, which convert the pyrolysis vapors to gaseous species 
in relatively low SGFR. As mentioned above, secondary cracking reactions at 500 oC are 
significant only at the SGFR below 600 cm3/min. The SGFR mainly influences the 
carbonaceous gases and H2 yields, however, the nitrogenous gases yields were not 
significantly affected by SGFR, as mentioned in 3.3.3. 
Table 3–1 LCV of gaseous products. 
Temperature (oC) SGFR (cm3/min) 
Conditions 
400 450 500 550 600 700 150 300 600 900 1200
LCV (MJ/m3) 5.4 8.6 11.0 13.1 15.2 19.1 11.7 11.0 10.6 10.0 9.4 
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Fig. 3–6. Effect of temperature on yield (a) and composition (b) of the gaseous products. 
3.4. Summary 
Fast pyrolysis of ASS in a drop tube reactor at 500 oC and a SGFR of 600 cm3/min 
gave a maximum oil yield of ca. 48.7% (daf). Nitrogen distribution analysis demonstrates 
that the SS-N was mainly converted to nitrogenous gases, including NH3, HCN, and N2, 
and their yields increased with raising pyrolysis temperature. NH3 is the main nitrogenous 
gas under all the conditions and its formation over 500 oC should be related to the high 
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protein content in ASS. However, protein pyrolysis did not produce significant amount of 
HCN. The formation of HCN could be due to thermal cracking of volatiles above 550 oC. 
The conversions of WISO-C to Gas-C and WISO-N to WSO-N significantly proceeded 
during the pyrolysis. In addition, secondary cracking reactions at 500 oC were found to 
only significantly promote the conversion of WISO-C to WSO-C, especially at lower 
SGFR than 600 cm3/min. 
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Fig. 3–7. Effect of SGFR on yield (a) and composition (b) of the gaseous products.  
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Chapter 4. Fast Pyrolysis of Biomass Residues (ASS, PC, and WC) 
in an ICFG Reactor 
4.1. Introduction 
Nowadays, the disposal of wastes, especially municipal and livestock wastes, becomes 
a growing problem due to their high potential for pollution and increasing production. In 
general, municipal and livestock wastes are potential sources of heavy metal- and 
pathogen-containing wastes, which emit ammonia, greenhouse gases, and odorous 
compounds and cause water contamination and air pollution. For example, the annual 
production of sewage sludge and livestock manure was 75 and 89 Mt, respectively, in 
recent years in Japan and is estimated to continuously increase in the future.[1] The 
traditional disposal routes for biomass wastes include agricultural application, landfill, and 
incineration, which are facing more and more pressure due to land limitations and stringent 
regulations,[2-5] it is important to develop a cost-effective and environmentally friendly 
solution to improve these traditional technologies. 
Alternatively, using waste as a biomass resource for energy production is an 
environmentally acceptable disposal route with potential financial benefits.[6, 7] Several 
thermochemical conversion technologies, including pyrolysis, gasification, liquefaction, 
and biochemical conversion, are currently under development.[8, 9] Among these processes, 
pyrolysis was widely used for converting waste into useful products of combustible gases, 
bio-oil, and solid char. Recently, fast pyrolysis in an oxygen-free atmosphere at relatively 
low temperature, high heating rate, short gas residence time, and rapid cooling of the 
pyrolysis vapors to maximize oil product for fuel and chemical use led to extensive 
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research activity.[4, 10, 11] During fast pyrolysis, no waste is generated because the gases and 
solid char can be considered as fuel, whereas the bio-oil can be used as liquid fuel or 
potential feedstock for value-added chemicals. Many researchers investigated fast 
pyrolysis of biomass wastes in lab-scale fixed-bed[12] and fluidized-bed [4, 11, 13] using 
various heating techniques, including induction-heating[14], microwave irradiation[15], and 
resistance-heating[11]. For commercial and industrial applications, fluidized-bed technology 
appears to have the most potential in fast pyrolysis of biomass wastes for bio-oil, as it 
offers a high heating rate, rapid devolatilization, easy control, and low cost. A recent 
development in fluidized reactor technology is the ICFB, which is potentially applicable to 
large scale operation. The ICFB provides heat to the highly endothermic 
pyrolysis/gasification process by burning the solid char in a separate chamber and 
transferring such heat to the pyrolysis/gasification with circulating solids.[6, 16] This 
technique has been utilized for biomass wastes incineration[17, 18] and gasification[16], but 
has not been applied to the fast pyrolysis of biomass wastes. 
This chapter examined the application of an ICFB reactor to prepare bio-oils from 
municipal, livestock, and wood wastes (i.e., ASS, PC, and WC), which are the most 
abundant biomass waste in Japan, at 500 oC and ca. 1 s of gas residence time (optimum 
pyrolysis condition from Chapter 3). Especially, the physicochemical properties of the 
bio-oils were characterized using elemental analyzer, Karl-Fischer, bomb calorimeter, 
FTIR spectroscopy, gel permeation chromatography (GPC), and GC/MS, to determine its 
possibility as a potential source of fuel or chemical feedstock. 
4.2. Experimental 
4.2.1. ICFB Pyrolysis 
As Fig. 4–1 shows, pyrolysis was continuously performed in an ICFB reactor (square 
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cross-section of 212 × 212 mm and height of 800 mm), which is made of 6 mm-thick 
stainless steel and heated by three individually controlled electric heaters. The sample was 
fed into the reactor through a water-cooled screw conveyor, 260 mm above the bottom 
plate. Silica sand with the mean diameter of 0.16 mm was used as the fluidizing medium. 
The air required for both fluidization and combustion was supplied to the combustion 
chamber by an air supply unit. N2 was selected as the fluidizing gas of pyrolysis chamber. 
Both air and N2 were controlled by rotometers and preheated to the reaction temperature 
before fed. The vapors released from the pyrolysis chamber were condensed in a condenser 
system, which consisted of an oil scrubber and two quenchers and was filled with methanol 
and cooled by a chilled water system at 3 oC. The non-condensable gases leaving the 
condenser system was sampled by gas bags through gas sampling port connecting a gas 
meter. All the experimental data and parameters, including temperature, pressure, and gas 
flow rate, were recorded by a data acquisition system. 
 
Fig. 4–1. Schematic diagram of the ICFB pyrolysis process. 
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When the bed temperature reached the desired level, i.e., 500 ± 20 oC, air and N2 flow 
rates were adjusted to make fluidizing velocity to minimum fluidizing velocity ratio around 
3.5 (the combustion chamber has a higher velocity to promote the steady circulation of the 
bed material). Biomass waste samples were fed with a feeding rate ca. 1–1.5 kg/h. After a 
stationary reaction condition was established, gaseous products were collected for analysis 
at 15 min intervals. After the experiments, the liquid collected in the condenser system was 
separated into filtrate and filter cake by filtration and the solvent was removed by rotary 
evaporation to afford bio-oil. For convenience in description, the bio-oils produced from 
ASS, PC, and WC are denoted as ASSBO, PCBO, and WCBO, respectively. 
The oil yield was calculated by subtracting water from bio-oil. The pyrolysis residue, 
including char, was transferred from the pyrolysis chamber to the combustion chamber and 
burned in the combustion chamber. All the product yields are average from two repeated 
experiments. 
4.2.2. Gas Analysis 
The resulting carbonaceous gases were chromatographed by a Shimadzu GC14B 
GC/FID equipped with a methane converter to convert carbon oxides into detectable CH4, 
while H2 was analyzed by a Shimadzu GC14B GC/TCD. The gas yield was calculated by 
sum of gases repeatedly detected by GC/TCD and GC/FID at least twice. The LCV of the 
gaseous products was calculated following previous literature.[19] 
4.2.3. Characterization of the Bio-oils 
The water content of the bio-oil was repeatedly measured at least twice using a KEM 
MKA-610 Karl-Fischer moisture titration. Ultimate analysis was conducted with a Leco 
CHN-2000 elemental determinator and a Leco SC-432 sulfur determinator, while the HCV 
was obtained with a Shimadzu CA-4PJ auto-calculating bomb calorimeter. 
The bio-oils were analyzed with the FTIR spectrometer in the same manner as above. 
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The molecular mass distributions (MMDs) of the bio-oils were measured with a GPC 
system (Waters, Milford, MA), consisting of a Waters 600 system controller and a Waters 
2414 refractive index detector. A Waters Styragel HR 4E (7.8 mm × 300 mm) column was 
used with tetrahydrofurane (THF) as the mobile phase with a flow rate of 0.5 mL/min at 40 
oC. Each bio-oil sample was dissolved in THF and filtered before injection into the system. 
Molecular weights were calculated from elution time using Empower 2 Software (Waters, 
Milford, MA) and a calibration curve generated with EasiCal PS-1 polystyrene standards. 
The mass-average molecular mass (Mm) and number-average molecular mass (Mn) of the 
bio-oils were calculated according to calibration curve. 
Each bio-oil sample was dissolved in methanol and ca. 1 μL of the solution was 
analyzed with a Shimadzu GCMS-QP2010 GC/MS (Shimadzu, Kyoto, Japan) equipped 
with a capillary column coated with Rtx-5MS (60 m × 0.25 mm i.d., 0.25 μm film 
thickness) and a quadrupole analyzer in electron impact mode at 70 eV. Data were acquired 
and processed using GCMS Solution software (Ver.2.53, Shimadzu, Kyoto, Japan). The 
compounds were identified by comparing mass spectra with NIST08 library data. A 
semi-quantitative analysis was performed according to each peak area for determining the 
compound distribution. 
4.3. Results and Discussion 
4.3.1. Pyrolysis Yields 
As Fig. 4–2 exhibits, the gas yield from WC (22.2%) is much higher than that from 
either ASS (7.2%) or PC (8.4%), implying that organic matter in WC is much more 
reactive to produce gaseous products than that in either ASS or PC during the pyrolysis. 
The oil yields from ASS, PC, and WC are 28.0%, 25.2%, and 35.7% (45.2%, 44.4%, and 
39.7%, daf), respectively, which are comparable with pyrolysis of biomass in conventional 
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fluidized-bed and other fast pyrolysis processes.[4, 11, 15] Significantly higher oil yield from 
WC than that from either ASS or PC suggests that WC has much more thermally labile 
components than ASS and PC to produce oil during the pyrolysis. 
ASS PC WC
0
20
40
60
80
100
residue
water
oil
 
Pr
od
uc
ts
 y
ie
ld
 (w
t%
)
Samples
bio-oil
gas
 
Fig. 4–2. Product distributions from the waste samples. 
4.3.2. Gas Composition 
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Fig. 4–3. Composition of the gaseous products. 
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As presented in Fig. 4–3, the gas compositions from different waste samples are quite 
different. CO and CO2 are main gaseous products from all the waste samples. CO2 is the 
predominant gaseous product from PC with 67.3% of content in the gaseous products, 
while CO2 accounts for 46.4% and 46.3% in the gaseous products from ASS and WC, 
respectively, suggesting that PC contains more carboxylic groups, which are easily 
pyrolyzed to CO2, in the precursors of the gaseous products. In the gaseous products, CO 
content from corresponding waste samples decreases in the order of WC > ASS > PC, 
while H2 content from corresponding waste samples decreases in the order of WC > PC > 
ASS. The LCV of gaseous products from ASS, PC, and WC are 14.6, 8.4, and 9.8 MJ/m3, 
respectively. The contents of both CH4 and higher hydrocarbons from ASS are significantly 
higher than those from PC and WC, resulting in much higher LCV value of gaseous 
products from ASS than that from PC and WC. 
4.3.3. Elemental Composition and HCV of the Bio-oils 
Table 4–1 Moisture and ultimate analyses of the bio-oils. 
Ultimate analysis (wt.%, d) 
Sample Mar 
C H N Ob S 
H/C HCV (MJ/kg) 
ASSBO 32.1 58.5  8.2  12.3  19.2  1.8  1.68 27.0 
PCBO 52.5 64.9  8.8  7.5  18.2  0.5  1.63 31.2 
WCBO 24.7 54.6  6.9  1.0  37.4  < 0.1 1.51 23.9 
b Calculated by difference 
As shown in Table 4–1, the oxygen contents in ASSBO and PCBO were significantly 
lower than those in their parent waste samples, implying that deoxygenation significantly 
proceeded during the pyrolysis. PCBO has the highest HCV value due to its highest carbon 
content, while WCBO has the lowest HCV value, which can be ascribed to its low carbon 
content and high oxygen content. The HCV of PCBO and ASSBO obtained from ICFB 
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reactor are comparable with conventional fluidized-bed[4, 20], reflecting the potential of 
their fractions for use as liquid fuel. The highest H/C ratio of ASSBO could correspond to 
the highest amount of aliphatic species in ASSBO. Nitrogen content in ASSBO and PCBO 
is much higher than that in WCBO, leading to much more NOx and N2O emissions when 
ASSBO and PCBO are used as fuel. Since such emissions cause acid rain, photochemical 
smog, greenhouse effects and ozone-layer depletion, significant denitrogenation from 
ASSBO and PCBO is needed. 
4.3.4. FTIR Analysis of the Bio-oils 
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Fig. 4–4. FTIR spectra of the waste samples and their resulting bio-oils. 
The assignment of structural feature of the bio-oils is based on published interpretation 
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for FTIR spectral data [12, 15, 16] and standard spectra in the FTIR libraries, e.g., Aldrich 
Condensed Phase FTIR Library. As exhibited in Fig. 4–4, main absorption bands from 
PCBO are quite similar to those from ASSBO, indicating that PCBO contains similar 
organic functional groups to those in ASSBO. The absorptions at 3120, 1670, and 1560 
cm–1 correspond to N–H stretching, amide I and II bands, suggesting the presence of 
amides and/or lactams in PCBO and ASSBO. According to the absorption strength, 
ASSBO contains much more nitrile and isonitrile moieties along with more amides and/or 
lactams than PCBO. FTIR spectrum of WCBO is quite different from that of either ASSBO 
or PCBO. The O–H stretching vibration between 3200 and 3400 cm−1 indicates the 
presence of phenols and alcohols in WCBO. The absorption bands between 713 and 905 
cm−1 and between 1490 and 1625 cm−1 correspond to mono- and polycyclic and substituted 
aromatic groups. The strong and broad C=O stretching vibration between 1640 and 
1820 cm–1 indicates the presence of esters, carboxylic acids, ketones, and aldehydes. The 
strongest and overlapping absorption bands between 940 and 1325 cm–1 prove the presence 
of significant amounts of acids, esters and phenols in WCBO. 
A comparison of FTIR spectra in Fig. 4–4 reveals significant differences in the 
contents of oxygen-containing groups between the waste biomasses and their resulting 
bio-oils. The absorbances of O–H stretching at 3300 cm–1 and CH2–OH stretching around 
1057 cm–1 from ASS and PC are much stronger than those from ASSBO and PCBO, 
whereas the absorbances of C=O stretching around 1734 cm–1 from ASS, PC, and WC are 
significantly weaker than those from ASSBO, PCBO, and WCBO. These changes could be 
related to the dehydration of hydroxyl groups to an enol, followed by isomerization to 
ketone during pyrolysis process.[21] 
4.3.5. Molecular Weight Distributions of the Bio-oils 
As illustrated in Fig. 4–5, all the bio-oils have wide range of MMDs. PCBO has a 
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similar MMD pattern to that of ASSBO, being consistent with that by FTIR analysis. Most 
of the components in the two bio-oils have molar mass lower than 1000. The molecular 
masses of all the species in WCBO are larger than 100 and more species in WCBO than in 
ASSBO and PCBO have molecular masses larger than 4000. The Mn and Mm of ASSBO, 
PCBO and WCBO are 320 and 560, 313 and 574, and 404 and 770, respectively. The 
significantly higher Mn and Mm of WCBO than those of ASSBO and PCBO should be 
related to the increased polymerization reactions catalyzed by acidic species.[22] Generally, 
GC/MS can only detect non- or low-polar organic compounds with molecular mass lower 
than 500. In this study, more than 48% of organic compounds have molecular mass higher 
than 500 and some other organic compounds with molecular mass lower than 500 may be 
highly polar organic species. Therefore, the component detected with GC/MS represents 
small part of the bio-oils. 
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Fig. 4–5. MMDs of the bio-oils. 
4.3.6. GC/MS Analysis of the Bio-oils  
The organic compounds detected with GC/MS can be classified into aliphatics, arenes, 
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organooxygen species (OOSs), ONSs, and organo-sulfur species (OSSs), as listed in Table 
4–2, in which relative abundance means the peak area ratio of a compound or a group 
component to all the GC/MS-detectable species. 
Table 4–2 Distributions of group components detected in the bio-oils. 
Relative abundance (% area) 
Group component 
ASSBO PCBO WCBO 
Aliphatics 
n-Alkanes 7.4  3.3  0 
n-Alkenes 10.0  5.2  0 
Cycloalkenes 17.2  10.2  0.8  
Total 34.6  18.8  0.9  
Arenes 
Benzenes 1.8  1.5  0 
Dicyclic arenes 0.6  2.6  0.2  
Tricyclic arenes 1.1  1.6  0.2  
Tetracyclic arenes 0.4  0.1  0 
Monoaromatic steranes 2.4  0.5  0 
Total 6.2  6.3  0.3  
OOSs 
Carboxylic acids 1.6  11.0  20.9  
Ketones 3.0  8.5  13.2  
Ethers 0 1.2  6.9  
Esters 0.5  1.3  10.1  
Aldehydes 0 0.8  6.0  
Phenols 5.3  11.1  35.4  
Alcohols 4.6  8.0  1.3  
Total 15.3  41.8  98.3  
ONSs 
Fatty acid aimdes (FAAs) 4.7  2.6  0 
Lactams 8.6  2.9  0 
Long-chain aliphatic nitriles (LCANs) 2.5  1.8  0 
Aromatic nitriles 2.1  2.6  0 
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N-Heterocyclic compounds 13.7  11.7  0.1  
Aromatic amines 5.4  2.9  0 
Aliphatic amines 1.9  1.3  0.5  
Aromatic amides 1.8  0.5  0 
Total 43.0  29.8  0.5  
OSSs 1.0  0.6  0 
Aliphatics are important compounds in the view of the application of the bio-oil as 
fuel.[23] The aliphatics in ASSBO include long-chain n-alkanes and n-alkenes from C13 to 
C27 along with cholestenes, cholestadienes, and ethylcholestenes with total RA of 34.6%. 
Total RA of aliphatics in PCBO is 18.8%, but the aliphatics have a similar composition to 
those in ASSBO. Only four aliphatics, including cyclohexadiene, cyclopentene, 
thunbergene, and biformene, were detected in WCBO and their total RA is only 0.8%. It is 
noteworthy that the RA of squalane is 3.0% in ASSBO. Squalane is a natural triterpene 
derived from a variety of plant and animal sources. Due to the chemically inert nature and 
low acute toxicity, squalane is used as an emollient and moisturizer in cosmetic 
applications.[24] The natural squalane is usually extracted from olive oil and produced by 
squalene hydrogenation. Our work provides an alternative source of squalane from 
ASSBO. 
In total, 24 and 33 arenes were detected in ASSBO and PCBO with total RAs of 6.2% 
and 6.3%, respectively. Aromatic rings in the species from ASSBO include benzene, 
naphthalene, indene, phenanthrene, anthracene, and chrysene. Among the species, 
alkylbenzenes and monoaromatic steranes are relatively abundant. Compare with ASSBO, 
PCBO contains more dicyclic and tricyclic structures, including alkylnaphthalenes, 
acenaphthene, acenaphthylene, and fluorene. Only a small amount of naphthalene and 
7-isopropyl-1-methylphenanthrene were detected in WCBO. 
Most of GC/MS-detectable species from WCBO are OOSs, including phenols, 
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long-chain fatty acids and esters, aliphatic ketones, and small amount of ethers, aliphatic 
aldehydes, and alcohols. The total RAs of OOSs in ASSBO and PCBO are 15.3% and 
41.8%, respectively. Among these species, phenols, steroid, and aliphatic ketones are 
abundant both in PCBO and in ASSBO. Long-chain fatty acids are also abundant 
components in PCBO. All the OOSs are reported to be responsible for some deleterious 
properties of bio-oil, i.e., high viscosity, non-volatility, poor heating value, corrosiveness, 
immiscibility with fossil fuels, thermal instability, and tendency to polymerize during 
storage and transportation.[25] Therefore, upgrading of the bio-oils by removing oxygen 
atoms is needed, especially for WCBO and PCBO. 
Similar to previous work on the composition of sludge and livestock bio-oils[4, 19, 22], 
large amounts of ONSs were detected in ASSBO and PCBO. ONSs account for 43.0% and 
29.8% of the GC/MS-detectable species in ASSBO and PCBO, respectively. Among ONSs, 
N-heterocyclic compounds, mainly including pyridines, pyrroles, pyrazines, indoles, 
quinoline, isoquinoline, carbazoles, harman, and norharman, are the most abundant in the 
two bio-oils. Lactams are the second abundant ONSs in ASSBO, including pyridinones, 
succinimide, pyrrolidinedione, and pyrazinediones, which were derived from pyrolysis of 
amino acids.[23, 24] The number and total RAs of fatty acid amides and long-chain aliphatic 
nitriles detected in ASSBO are more and higher than those in PCBO. In addition, a lot of 
ONSs were found with the amide, amine, and nitrile groups linked with benzene and 
naphthalene rings, forming aromatic amides, amines, and nitriles, as listed in Table 4–2. 
Only two ONSs, i.e., pyridine and methyldiethyloxazolidine, with a total RA of 0.5% were 
observed in WCBO. As shown in Table 4–1, there is no significant difference in oxygen 
content between ASSBO and PCBO, but the total RA of OOSs in ASSBO is much lower 
than that in PCBO. The reason is that some ONSs, i.e. amides and lactams, in ASSBO 
contain oxygen. Removing ONSs from bio-oil is necessary for using bio-oil as clean fuel, 
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but such a process is economically infeasible.[26] Since most of the ONSs, especially the 
polycyclic ones, are value-added compounds, recovering rather than removing them is 
more favorable. 
One of the advantages of bio-oil fuel is the low sulfur content compared with many 
fossil fuels.[10] In this work, no more than 1.0% of OSSs was detected in ASSBO and 
PCBO, while no OSSs were observed in WCBO. This is consistent with the insignificant 
amounts of sulfur in the corresponding raw materials. All the OSSs detected in ASSBO 
contain plural sulfur atoms (e.g., dimethyltrisulfide) or binary heteroatoms, i.e., O and S 
atoms (e.g., 4-mercapto-4-methylpentan-2-one and 5-mercapto-5-methylhexan-3-one) and 
N and S atoms (e.g., benzothiazole). 5-Mercapto-5-methylhexan-3-one and 
dimethyltrisulfide were also detected in PCBO. 
4.4. Summary 
The present study demonstrates that preparation of bio-oils in high yields from ASS, 
PC and WC can be achieved using an ICFB reactor. The chemical composition of ASSBO 
is similar to that of PCBO but quite different from that of WCBO. WCBO is less feasible 
for fuel use according to its low HCV caused by its high oxygen content. PCBO can be 
used as potential liquid fuel due to its high HCV and relatively low oxygen content. 
Upgrading is needed to use the bio-oil as a conventional transport fuel. ASSBO is rich in 
ONSs, especially polycyclic ones, and is thereby a potential chemical feedstock. Isolation 
of ONSs as pure chemicals may significantly improve the economical feasibility of the 
bio-oil production process. 
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Chapter 5. Fractionation and Identification of Organic Nitrogen 
Species from Sludge-derived Bio-oil 
5.1. Introduction 
Compared with bio-oil from ligneous biomass, the bio-oil produced from sewage 
sludge was reported to have much higher contents of nitrogen species, which are converted 
to NOx and N2O when the bio-oil is used as fuel, causing acid rain, photochemical smog, 
greenhouse effects, and ozone-layer depletion.[1] To use the bio-oil as clean fuel, removal 
of harmful components, especially ONSs, in the bio-oil must be considered and 
identification of heteroatom-containing organic species in the bio-oil is necessary for 
removing harmful components from the bio-oil. On the other hand, since the bio-oil 
consists of various organic compounds, including many value-added ones, it is more 
important and necessary to make full understanding of molecular composition of the 
bio-oil in order to use the bio-oil as feedstock for fine chemicals and advanced materials. 
For example, many ONSs are medicines and drugs or their intermediates.[2-4] Screening 
and isolating the ONSs in the bio-oil significantly depends on the identification of the 
ONSs. 
A variety of attempts, e.g., analyses with GC/MS[5-7] and FTIR spectroscopy[8, 9], have 
been made to better understand the chemical composition of bio-oil produced from sewage 
sludge. ONSs in sewage sludge were reported to be amides, nitriles, pyridines, amines, 
pyridines, pyrazines, pyrroles, and indoles according to investigations by direct analysis of 
sludge bio-oil with GC/MS and FTIR[5-8], but the results are far from characterization of 
molecular composition of ONSs in sludge bio-oil. Detailed characterization of organic 
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compounds in sludge bio-oil by direct analysis with GC/MS is quite hard work because of 
the complexity in structure and composition of the organic compounds, especially those in 
low contents. 
Column chromatography is an important technique for separating soluble organic 
mixture with complex composition, including coal extracts[10, 11] and crop-derived 
bio-oils[12, 13]. In this chapter, fractionation the bio-oil produced by fast pyrolysis of ASS 
will be carried out using column chromatography. The resulting fractions will be 
characterized with GC/MS and FTIR to understand the detail chemical composition, 
especially the ONSs of the sludge-derived bio-oil. 
5.2. Experimental 
5.2.1. Pyrolysis and Characterization 
The fast pyrolysis of ASS was conducted in a drop tube quartz reactor as described in 
Chapter 3 at the optimized parameter, i.e., a pyrolysis temperature of 500 oC and a SGFR 
of 300 cm3/min. Then the bio-oil solution collected by methanol was concentrated to ca. 8 
mL using a rotary evaporator. Half of the bio-oil solution was further concentrated to 
remove all the solvent and the resulting residue was weighed as the bio-oil. The water 
content and the elemental composition were measured using a KEM MKS-610 
Karl-Fischer moisture titrator and a Leco-2000 elemental determinator, respectively. 
5.2.2. Silica-gel Column Chromatography 
The above concentrated solution (2 mL) was mixed with 1 g of silica gel (SG, 100-200 
mesh, Wako Pure Chemical Industries, Ltd.) under ultrasonic irradiation, followed by 
solvent removal by rotary evaporation. Then the bio-oil/SG mixture was transferred into a 
2 cm i.d., SG-packed column (SG-packed height of 15 cm). As Fig. 5–1 exhibits, 
fractionation of the bio-oil was done using 8 kinds of solvents with different volume ratios 
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of n-hexane/ethyl acetate (EA)/methanol as elution solutions to afford F1–F8. A colorless 
liquid was collected as F1 with 100% n-hexane as elution solvent (ES). When 10% 
EA/n-hexane was used as ES, a pale yellow liquid eluted with the first 40 mL of the ES 
was collected as F2-1, and then the effluent solution with the next 160 mL of the ES was 
collected as F2-2. The color of effluent solution changed gradually from maple to dark 
brown by increasing the content of EA and methanol in ES. After experiment, each eluted 
fraction was concentrated to ca. 2 mL. Fig. 5–2 shows the photographs of the solutions of 
bio-oil and eluted fractions.  
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Fig. 5–1. Procedure for fractionation and analysis of bio-oil. 
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Fig. 5–2. Photographs of the solutions of bio-oil and eluted fractions 
5.2.3. Characterization of Fractions 
FTIR spectra of the bio-oil and eluted fractions were analyzed were recorded on a 
Nicolet Magna-II 550 spectrometer in the same manner as mentioned in Chapter 2. Then 
the bio-oil and each eluted fraction was analyzed with a Shimadzu GCMS-QP2010 GC/MS. 
The compounds were identified by comparing mass spectra with NIST08 library data. A 
series of authentic compounds purchased from Wako Pure Chemical Industries, Ltd. were 
used for confirmation and quantification of the ONSs identified with GC/MS. The yields of 
the eluted fractions were calculated according to the following formula:  
Y = Wretentate/Wbio-oil 
where Wretentate and Wbio-oil denote weights of retentate and bio-oil after removing all the 
solvent with a rotary evaporator, respectively. All subsequent data are expressed as the 
averages of values that were obtained from repeated experiments. 
5.3. Results and Discussion 
5.3.1. Fraction Yields 
The bio-oil yield from fast pyrolysis of ASS is 43.6 ± 0.5% (ASS, daf). The bio-oil 
contains 9.0% (wt.%) moisture content and its elemental content (wt.%, dry basis) of C, H, 
F1 F2-1 F2-1 F3 F4 F5 F6 F7 F8Bio-oil 
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N, S, and O are 58.0%, 8.2%, 8.9%, 1.8%, and 23.1%, respectively. The yields of F1–F8 
are shown in Fig. 5–3. The bio-oil was mainly concentrated in F3, F4, F5, and F7, while F2-1 
and F8 have the relatively low yield. 
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Fig. 5–3. Fraction yields and GC/MS detectable nitrogen contents of F1–F8. 
5.3.2. FTIR analysis 
The assignment of structural feature of the bio-oil and eluted fractions is based on 
published interpretation for FTIR spectral data.[8, 9, 14, 15] As exhibited in Fig. 5–4, the 
absorptions at 3120, 1670, and 1560 cm–1 correspond to N–H stretching, amide I and II 
bands, suggesting the presence of amides and/or lactams in bio-oil. The O–H stretching 
vibration between 3200 and 3400 cm−1 indicates the presence of phenols and/or alcohols. 
The absorption bands between 713 and 905 cm−1 and between 1490 and 1625 cm−1 
correspond to mono- and polycyclic and substituted aromatic groups. The strong and broad 
C=O stretching vibration at 1705 cm–1 indicates the presence of esters, carboxylic acids, 
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ketones, and aldehydes. In addition, the weak absorptions at 2220 and 2055 cm–1 in bio-oil 
spectrum indicate the presence of some nitrile (–C≡N) and isonitrile (–N=C) moieties. 
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Fig. 5–4. FTIR spectra of bio-oil and each eluted fraction. 
The FTIR spectrum of each eluted fraction is different with each other. As shown in 
Fig. 5–4, main absorption bands from F1 are aliphatic C–H bands along with very weak 
aromatic C–H bands, indicating that F1 mainly composed of aliphatic species. The 
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absorption strength of O–H and C–O bands increases from F1 to F8, which should be due to 
the increasing polarity of ES used in fractionation experiments. The isonitrile absorption 
band at 2055 cm–1 can only found in F7 spectrum, suggesting that the isonitrile species was 
concentrated in F7. The nitrile absorption band presents in all fractions spectra, except for 
F1. The absorption strength of nitrile band in F3 is stronger than that in other fractions, 
indicates that the nitrile species was mainly concentrated in F3. The aliphatic C–H bands 
and nitriles species in F2–1 indicates the present of aliphatic nitriles. In the spectra of F2–2 
and F3, the aromatic C–H bands, O–H stretching, and C–O stretching indicate the present 
of significant amount of phenols. For the spectra of F4 to F6, the C=O (amide I) band is the 
main absorption functional group, shows that the amides and/or lactams species are mainly 
concentrated in F4 to F6. The main absorption bands are O–H stretching, C=O stretching, 
and C–O stretching along with C–H stretching (aliphatic) in the spectra of F7 and F8 
indicates the present of OOSs. 
5.3.3. Non-nitrogen Species Analysis 
The composition of each eluted fractions was examined by GC/MS. The non-nitrogen 
species detected in F1–F8 are shown in Table 5–1 and 5–2. Totally 87 non-nitrogen species 
were detected, most of which were in F1. Main compounds detected in F1 are long-chain 
normal alkanes and alkenes, methyl benzenes, methyl naphthalenes, cholestenes, 
cholestadiene, monoaromatic steranes, and ethyl cholestenes, while no ONSs were 
detected in F1 due to non-polar behavior of n-hexane. The composition of F1 is consistent 
with that observed by FTIR. The aliphatic characteristic of F1 indicates the possible 
utilization of F1 as clean fuel. Removing such non-nitrogen species made easy the 
concentration and characterization of ONSs.  
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Table 5–1 Main non-nitrogen species detected in F1. 
No. RT Name 
Yield  
(mg/g BO)
No. RT Name 
Yield  
(mg/g BO)
1 7.624 Toluene 2.0  30 23.694 Nonadecane 0.4  
2 9.358 p-Xylene 1.9  31 23.747 Dodecylbenzene 1.6  
3 9.495 m-Xylene 1.4  32 24.630 Icos-1-ene 0.4  
4 9.924 Styrene 4.3  33 24.678 Icosane 0.3  
5 11.085 Mesitylene 1.5  34 25.574 Henicos-1-ene 0.4  
6 11.524 Dimethyltrisulfane 0.4  35 25.620 Henicosane 0.8  
7 13.315 Undec-1-ene 0.3  36 26.477 Docos-1-ene 0.6  
8 13.438 Undecane 0.2  37 26.517 Docosane 0.6  
9 14.914 Dodec-1-ene 0.2  38 27.343 Tricos-1-ene 0.6  
10 15.032 Dodecane 0.1  39 27.376 Tricosane 0.8  
11 15.257 Naphthalene 0.2  40 28.225 Tetracos-1-ene 0.2  
12 16.156 Hexylbenzene 0.1  41 28.258 Tetracosane 0.3  
13 16.408 Tridec-1-ene 0.2  42 29.158 Pentacos-1-ene 0.5  
14 16.512 Tridecane 0.3  43 29.177 Pentacosane 0.4  
15 16.936 2-Methylnaphthalene 0.3  44 30.160 Hexacosane 0.7  
16 17.217 1-Methylnaphthalene 0.4  45 30.783 Squalane 2.0  
17 17.801 Tetradec-1-ene 0.5  46 31.275 Heptacosane 0.8  
18 17.897 Tetradecane 0.4  47 32.565 Octacosane 1.1  
19 19.109 Pentadec-1-ene 0.6  48 33.771 Cholestene 3.1  
20 19.193 Pentadecane 0.8  49 33.980 Nonacosane 1.4  
21 20.338 Hexadec-1-ene 0.7  50 34.184 Cholestene 3.1  
22 20.415 Hexadecane 0.4  51 34.533 Cholestene 2.6  
23 21.499 Heptadec-1-ene 0.8  52 34.712 Cholestene 1.7  
24 21.501 Decylbenzene 0.5  53 35.592 Cholesta-3,5-diene 1.5  
25 21.569 Heptadecane 0.6  54 37.220 Ethylcholestene 1.7  
26 22.241 Undecylbenzene 3.4  55 37.780 Ethylcholestene 2.1  
27 22.598 Octadec-1-ene 0.7  56 38.539 Ethylcholestene 0.8  
28 22.659 Octadecane 0.6  57 39.768 Stigmastan-3,5-diene 1.0  
29 23.639 Nonadec-1-ene 0.4      
BO: bio-oil 
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Table 5–2 Main non-nitrogen species detected in F2–1 to F6. 
No. RT Name Detected in Yield (mg/g BO) 
58 10.856 4-Mercapto-4-methylpentan-2-one F2–1 0.4 
59 40.454 Cholestan-3-one F2–1 1.0  
60 10.854 4-Mercapto-4-methylpentan-2-one F2–2 1.0  
61 11.245 5-Methylfuran-2-carbaldehyde F2–2 0.2  
62 11.483 Phenol F2–2 3.2  
63 12.805 o-Cresol F2–2 0.7  
64 13.128 p-Cresol F2–2 4.9  
65 14.189 2-Ethylphenol F2–2 0.3  
66 14.376 Dimethylphenol F2–2 1.1  
67 14.653 4-Ethylphenol F2–2 1.4  
68 14.876 Dimethylphenol F2–2 0.3  
69 15.475 2,3-Dihydrobenzofuran F2–2 0.7  
70 15.787 Isopropylphenol F2–2 0.3 
71 16.067 4-Propylphenol F2–2 0.2  
72 17.008 2,3,5,6-Tetramethylphenol F2–2 0.3  
73 17.638 2-Methylbenzofuran F2–2 0.4  
74 19.808 Naphth-1-ol F2–2 0.4  
75 19.915 Naphth-2-ol F2–2 0.3  
76 21.070 7-Methylnaphth-1-ol F2–2 0.6  
77 21.395 Dodecan-1-ol F2–2 0.3  
78 22.108 Tridecan-1-ol F2–2 0.9  
79 23.584 Pentadecan-1-ol F2–2 0.8  
80 23.770 4,4'-Methylenediphenol F2–2 0.6  
81 25.534 Heptadecan-1-ol F2–2 0.9  
82 13.245 2,3-Dimethylcyclopent-2-enone F3 2.1  
83 17.262 3-Methylcyclopentane-1,2,4-trione F3 0.7  
84 17.744 3,3,4,4-Tetramethyl cyclopentanone F4 1.9  
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85 15.242 5-Methyl-2-acetylfuran F6 – 
86 16.550 5-Ethyl-2-acetylfuran F6 – 
87 22.442 3-Ethoxy-4-methoxyphenol F6 – 
 
From F2–1 to F6, all the non-nitrogen species detected are OOSs, as listed in Table 5–2. 
Only two non-nitrogen species, 4-mercapto-4-methylpentan-2-one and cholestan-3-one 
were detected in F2–1. 24 kinds of non-nitrogen species was detected in F2–2, including long 
chain aliphatic alcohols (C12, C13, C15, and C17), phenol and naphthol and their methyl 
derivates, as well as small amount of furans and benzofurans. Presence of significant 
amount of phenolic compounds was reported in previous studies on sludge- and 
biomass-derived bio-oils.[6, 7, 16] The high amount of phenol in the bio-oil is of interest, 
because the use of phenol from the bio-oil after isolation would suggest an alternative to 
petroleum-based phenol.[16] Concentration of phenolic compounds could be achieved as the 
above fractionation manner. Only one kind of non-nitrogen specie, methylcyclopentanone, 
was detected in F4 while no non-nitrogen specie was observed in F5.  
5.3.4. ONSs Analysis 
The selective ion chromatogram (SIC, by extracting ion of m/z 110) of F2–1 and total 
ion chromatograms (TICs) of the F2–1 to F6 are summarized in Fig. 5–4. In total, 46 ONSs 
were detected with a total yield of 7.6% based on the bio-oil (3.3% based on ASS), as 
listed in Tables 5–3 to 5–7. 
As demonstrated in Fig. 5–5, compounds 28, 30–33, 35, and 42 have base peak at m/z 
57. The secondary peak at m/z 97 and peak at m/z 110 are attributed to the rearrangement 
ion (C6H10N+) and fragmental ion (C6H12CN+), respectively, from fragmentation of 
molecular ion of alkanenitriles.[17] Compound 41 has the analogous CnH2n–2CN+ ion series 
(e.g., base peak at m/z 122, n = 7) from fragmentation of unsaturated nitriles.[17] As Table 
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5–3 lists, all the ONSs concentrated in F2–1 are long-chain aliphatic nitriles (LCANs), 
including six alkanenitriles (peaks 28, 30–33, 35, and 42) from C13 to C18 and oleonitrile 
(peak 41), among which palmitonitrile is the most abundant. LCANs were reported to be 
products from the reaction of fatty acids with NH3 via the amide intermediate and to be 
pyrolytic products from shale oils and coals, which contain significant amount of 
ammonium in associated minerals such as feldspars,[18] but until now, little work, if any, 
are issued on fractionation and quantitative analysis of LCANs in sewage sludge. Fatty 
acid and ammonia were found to be pyrolytic products of sewage sludge by previous 
researchs[5, 7, 19, 20] and the description in Chapter 3 of this study. Hence, the LCANs 
detected in F2–1 could be produced by reaction of fatty acids with ammonia during ASS 
pyrolysis. The LCANs are used as plasticizers, rubber softeners, oil additives in lubricants, 
and as chemical intermediates, e.g., for producing insecticides and amines.[21] This work 
provides an alternative source of LCANs. 
Table 5–3 Alkanenitriles and oleonitrile detected in F2–1. 
Yield or content (μg/g bio-oil) 
Peak ONS Formula 
ONS Nitrogen 
28 Tridecanenitrile C13H25N 191.3 ± 6.1 13.7 ± 0.4 
30 Tetradecanenitrile C14H27N 320.0 ± 16.4  21.4 ± 1.1 
31 Pentadecanenitrile C15H29N 105.7 ± 10.9 6.6 ± 0.7 
33 Palmitonitrile C16H31N 1030.1 ± 33.3 60.8 ± 2.0 
35 Heptadecanenitrile C17H33N 267.5 ± 2.8 14.9 ± 0.2 
41 Oleonitrile C18H33N 369.6 ± 10.8 19.7 ± 0.6 
42 Stearonitrile C18H35N 466.0 ± 10.5 24.6 ± 0.6 
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Fig. 5–4. SIC (m/z 110) of F2–1 and TICs of F2–1 to F6. 
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Table 5–4 Aromatic ONSs detected in F2–2. 
Yield or content (μg/g bio-oil) 
Peak ONS Formula 
ONS Nitrogen 
2 2-Methylpyrrole C5H7N 193.0 ± 6.4 33.3 ± 1.1 
3 3-Methylpyrrole C5H7N 424.2 ± 7.7 73.2 ± 1.3 
8 2-Cyanopyrrole C5H4N2 161.8 ± 12.3 49.2 ± 3.7 
9 Benzeneacetonitrile C8H7N 510.8 ± 8.9 61.1 ± 1.1 
13 Benzenepropanenitrile C9H9N 1660.7 ± 26.5 177.3 ± 2.8 
14 3,5-Diethylpyridin-4-amine C9H14N2 258.5 ± 10.2 48.2 ± 1.9 
15 1H-Indole C8H7N 2508.1 ± 59.4 299.9 ± 7.1 
16 N,N-Diethyl-o-toluidine C11H17N 246.6 ± 11.5 21.2 ± 1.0 
18 3-Methyl-1H-indole C9H9N 1385.4 ± 12.2 147.9 ± 1.3 
25 5,7-Dimethyl-1H-indole C10H11N 383.2 ± 22.7 37.0 ± 2.2 
26 2,3-Dimethyl-1H-indole C10H11N 164.2 ± 7.4 15.8 ± 0.7 
27 Naphthalen-2-amine C10H9N 341.0 ± 14.8 33.4 ± 1.4 
29 2,2'-Bipyridine-5,5'-diamine C10H10N4 1027.4 ± 6.6 309.1 ± 2.0 
32 9H-Carbazole C12H9N 106.9 ± 2.7 9.0 ± 0.2 
As Table 5–4 shows, fourteen ONSs were detected. The ONSs include methylpyrroles 
(peaks 2 and 3), aromatic nitriles (peaks 8, 9, and 13), indole (peak 15) and its methyl 
derivatives (peaks 18, 25, and 26), aromatic amines (peaks 14, 16, 27, and 29), and 
carbazole (peak 32), among which indole is the most abundant. All the ONSs detected in 
F2–2 contain aromatic ring(s) and nitrogen atom is the only heteroatom. Most of the ONSs 
concentrated in F2–2 are found as N-heterocyclics, including pyrrole, indole, pyridine, and 
carbazole. The left nitrogen functional groups are found in aromatic amines (peaks 14, 16, 
and 27) and nitriles (peaks 8, 9, and 13). Pyrrole was observed as main component in the 
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products from proline.[22] Indole and its methyl derivatives, which were found to be the 
most abundant species detected in pyrolytic oil from sewage sludge,[6, 7] were reported as 
the products from tryptophan pyrolysis.[23] Aromatic nitriles are common products from 
pyrolysis of sewage sludge and sediments.[5, 7] Both indoles and aromatic nitriles are 
known to be important markers for proteins. Removing ONSs from bio-oil is necessary to 
use bio-oil as clean fuel, but such a process is economically infeasible. Since most of the 
ONSs, especially the polycyclic ones, are value-added compounds, recovering rather than 
removing ONSs is more favorable. Concentration of these compounds could be achieved 
as the above fractionation manner.  
Table 5–5 Aromatic ONSs and fatty acid amides detected in F3. 
Yield or content (μg/g bio-oil) 
Peak ONS Formula 
ONS Nitrogen 
20 2-Isopropylbenzo[d]imidazole C10H12N2 494.7 ± 0.4 86.5 ± 0.1 
23 Phthalimide C8H5NO2 449.1 ± 7.9 42.8 ± 0.8 
24 4-Phenylpyridine C11H9N 616.3 ± 11.7 55.6 ± 1.1 
36 Tetradecanamide C14H29NO 491.6 ± 35.2 30.3 ± 2.2 
43 Palmitamide C16H33NO 1089.8 ± 23.9 59.8 ± 1.3 
44 Oleamide C18H35NO 6483.0 ± 50.7 322.6 ± 2.5 
45 Stearamide C18H37NO 2385.6 ± 129.5 117.9 ± 6.4 
Four fatty acid amides (FAAs), including three alkanaimdes (C14, C16, and C18) and 
oleamide, were detected in high yields in F3, as shown in Table 5–5. In addition, small 
amounts of aromatic nitrogen species were also concentrated in F3. FAAs belong to a 
family of naturally occurring lipids and bear impactful biological activities and 
pharmacological functions. They are considered to provide useful geochemical clues to 
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their biological precursors.[10] Some FAAs were reported in extracts and pyrolytic products 
from coal[10], oil shale[24], and sewage sludge[5, 6]. As mentioned above, dehydrated reaction 
of fatty acids with ammonia is the proposed formation route of FAAs.  
Table 5–6 ONSs detected in F4. 
Yield or content (μg/g bio-oil) 
Peak ONS Formula 
ONS Nitrogen 
5 Pyridin-3-ol C5H5NO 7378.2 ± 290.7 1086.7 ± 42.8
7 Succinimide C4H5NO2 8083.0 ± 390.6 1142.6 ± 55.2
11 Glutarimide C5H7NO2 4494.3 ± 124.6 556.5 ± 15.4 
12 3,3-Dimethylpyrrolidine-2,5-dione C6H9NO2 2532.8 ± 37.0 279.0 ± 4.1 
17 4,5,6-Trimethylpyrimidin-2-one C7H10N2O 2656.9 ± 216.7 538.7 ± 43.9 
19 5-Isobutylimidazolidine-2,4-dione C7H12N2O2 3488.2 ± 137.2 625.7 ± 24.6 
21 1-Cyanoacetylpiperidine C8H12N2O 1661.5 ± 35.8 305.8 ± 6.6 
34 3-isobutylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione C11H18N2O2 1987.6 ± 82.6 264.8 ± 11.0 
38 Harman C12H10N2 499.5 ± 6.4 76.8 ± 1.0 
39 Norharman C11H8N2 999.8 ± 39.4 166.5 ± 6.6 
40 2,6-Dimethylbenzo[1,2-d:4,5-d']bisimidazole C10H10N4 412.5 ± 14.1 124.1 ± 4.2 
In total, eleven ONSs with complex structures were eluted to F4 in high yields. As 
Table 5–6 lists, all the ONSs detected in F4 contain plural heteroatoms, including plural 
nitrogen atoms (peaks 38 to 40) and binary heteroatoms, i.e., O and N atoms (peaks 5, 7, 
11, 12, 17, 19, 21, and 34). Harman, norharman, and carbazole (peak 32 in F2–2) were 
reported as Diels-Alder type adducts from 3-ethenylindole, which is readily formed by 
decarboxylation and subsequent elimination of ammonia from tryptophan.[23] Succinimide 
was observed as a product from pyrolysis of asparagine and glutamine, while glutarimide 
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was found as major product from pyrolysis of glutamine and glutamic acid,[25] both of 
which were formed by a novel disproportionation-type reaction. As a derivative of 
2,5-diketopiperazine, 3-isobutylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione (peak 34) was 
detected, which is a common product from pyrolysis of amino acid. Succinimide (peak 7) 
is the most abundant component in F4. To our knowledge, no reports were issued on the 
detection of such a product from pyrolysis either of sewage sludge or of other sediments. 
Table 5–7 ONSs detected in F5 and F6. 
Yield or content (μg/g bio-oil) 
Peak ONS Formula Detected in 
ONS Nitrogen 
1 Acetamide C2H5NO F5 7967.7 ± 390.4 
1889.3 ± 
92.6 
4 Pyrrolidin-2-one C4H7NO F5 3013.1 ± 230.2 495.9 ± 37.9 
6 Pyridin-3-amine C5H6N2 F5 2160.9 ± 55.2 643.2 ± 16.4 
10 Piperidin-2-one C5H9NO F5 698.3 ± 92.6 98.7 ± 13.1 
22 N-Pyridin-3-ylacetamide C7H8N2O F5 3118.7 ± 99.9 641.7 ± 20.6 
37 Octahydrodipyrrolo[1,2-a:1',2'-d]pyrazine-5,10-dione C10H14N2O2 F6 663.6 ± 26.5 95.7 ± 3.8 
46 N,N-dimethylheptadecan-1-amine C19H41N F5 347.5 ± 30.2 17.2 ± 1.5 
Six ONSs, including acetamide, pyrrolidin-2-one, pyridine-3-amine, piperidin-2-one, 
N-pyridine-3-ylacetamide, and N,N-dimethylheptadecan-1-amine were detected in F5, as 
listed in Table 5–7. The yield of acetamide is the highest among the ONSs detected in all 
the fractions. Acetamide is a typical product from pyrolysis of microbial cell walls and 
chitin, and probably formed from other precursors such as thermally labile proteins and 
amino sugars.[26] Pyrolysis of γ- and δ-amino acids usually produces five- and 
six-membered cyclic lactams, respectively, via decarboxylation and cyclization.[27] 
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Octahydrodipyrrolo[1,2-a:1’,2’-d]pyrazine-5,10-dione is the only ONS detected in F6 
as exhibited in Table 5–7. As a typical product from proline condensation, 
octahydrodipyrrolo[1,2-a:1’,2’-d]pyrazine-5,10-dione was observed in pyrolysis molecular 
beam mass spectrometry studies of proline at 325 oC with short residence times[28] and 
reported as major product from thermal reaction of proline at 600 oC.[22, 29]  
The yields of F7 and F8 are 12.6% and 5.7%, respectively, based on bio-oil. However, 
no GC/MS-detectable component was found either in F7 or in F8, possibly due to their too 
strong polarity to be detected with GC/MS. As mentioned in FTIR analysis, the spectra of 
F7 and F8 showed the present of significant amount of OOSs. Understanding the molecular 
composition of such strong polar and/or macromolecular OOSs could be expected using 
advanced separation and detection technique based on high-performance liquid 
chromatography (HPLC) coupled to time-of-flight mass spectrometry (TOF-MS) or FTIR, 
i.e., HPLC/TOF-MS and HPLC/FTIR. 
5.3.5. Nitrogen Content 
The total nitrogen content in the GC/MS-detectable components from all the fractions 
is 1.1%, based on the bio-oil (0.49% based on ASS). As illustrated in Fig. 5–3, most of the 
GC/MS-detectable ONSs were concentrated in F4 and F5. In the case of nitrogen functional 
group, the GC/MS-detectable ONSs mainly consist of lactams, amides and N-heterocyclic 
compounds, with nitrogen contents of 0.41%, 0.27%, and 0.31%, respectively, whereas 
total nitrogen contents of LCANs, aromatic nitriles and aromatic amines are 0.02, 0.03, and 
0.06%, respectively, based on the bio-oil. 
As mentioned in Chapters 2 and 3, ASS contains a high nitrogen content of 8.7% (daf). 
During fast pyrolysis of ASS at 500 oC and SGFR of 300 cm3/min, 34.6% of nitrogen was 
found in bio-oil as ONSs. Based on the nitrogen yield, the GC/MS-detectable ONSs only 
account for 16.3% of nitrogen in the bio-oil. Because of the limitation of GC/MS analysis, 
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detection of strongly polar and/or less volatile ONSs, which may exist in sludge bio-oil, is 
difficult. Identification of such ONSs could be expected by using similar methods in 
combination of multiple analyses with advanced analytical instruments such as 
HPLC/TOF-MS and HPLC/FTIR. 
5.4. Summary 
The study in this chapter demonstrates that column chromatography with a proper 
sequence of solvent elution is an efficient tool for the separation of ONSs in bio-oil from 
fast pyrolysis of sewage sludge. Using this tool, a class of aromatic ONSs (pyrroles, 
aromatic nitriles, and indoles, etc.) along with alkanenitriles (C13–C18) and oleonitrile were 
fractionated; lactams and amides were concentrated to large extents. Understanding the 
diversity of ONSs in the ASS derived bio-oil is helpful for the use of the bio-oil both as 
clean fuel and as value-added chemicals. 
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Chapter 6. TAA Formation in Bio-oil Using Acetone as Absorption 
Solution 
6.1. Introduction 
Triacetonamine (TAA), which is known as 2,2,6,6-tetramethyl-4-oxopiperidine and 
2,2,6,6-tetramethyl-4-piperidone, is useful as an important chemical intermediate for the 
synthesis of pharmaceutical products, pesticides, and photostabilizers for polymers.[1-4] 
TAA was discovered in 1874 by Heinz[5], who obtained a mixture of diacetoneamine and 
TAA with some amines by saturated acetone with ammonia and heated at 100 oC. In 1880, 
Heinz converted acetone to phorone in about 30% yield and reacted the phorone with 
ammonia to yield TAA in 70% yield.[6] Hall Jr. disclosed reacting acetone with ammonia in 
the presence of calcium chloride for nine days, thereby obtaining a yield of about 20% of 
TAA after careful fractional distillation.[7] In the past years, several methods have been 
developed for the preparation of TAA. It has been prepared by acetone and ammonia, 
phorone and ammonia, or acetonine (2,2,4,4,6-pentamethyl-2,3,4,5-tetrahydropyrimidine) 
and acetone in the presence of catalyst.[7-14] Among the methods in literature, the most 
frequently used one remains the condensation of acetone with ammonia in the presence of 
calcium chloride. 
TAA has been identified as an artifact of plant[15] and fungal[16] extracts using acetone 
and ammonium hydroxide or natural occurrence of ammonium salts in various steps of the 
isolation procedures. Park et al.[17] reported the characteristics of the pyrolysis oil produced 
from digested and dried sewage sludge in a fluidized-bed and found that TAA was the main 
component of the pyrolysis oil.  
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Acetone is usually selected as absorption solvent because of its excellent solubility and 
relatively low boiling point. NH3 was reported as the main NCSs from fast pyrolysis of 
sewage sludge[18, 19]. In Chapter 3, NH3 was also the main NCSs from fast pyrolysis of 
ASS, e.g., 32.5% of nitrogen was converted to NH3 at 500 oC and a SGFR of 300 cm3/min. 
This chapter will present the investigation on the formation and isolation of TAA in 
bio-oils from fast pyrolysis of ASS using acetone as absorption solvent. 
6.2. Experimental 
Fast pyrolysis of ASS (3 g) was performed in a drop tube quartz reactor as the same 
manner mentioned in Chapter 3. Pyrolysis temperature and SGFR were set to be 500 oC 
and 300 cm3/min, respectively. The resulting liquid products were collected in a trap series 
with 800 mL acetone cooled with an ice-water bath, while the noncondensable gases were 
collected in a gas bag. Pyrolysis of ASS using methanol as the absorption solvent was also 
conducted. To description convenience, the bio-oil collected by adsorption with acetone or 
methanol is denoted to be AABO or MABO, respectively. After the experiments, AABO 
and MABO were stored in a brown bottle at room temperature and analyzed at regular 
intervals with a Shimadzu GCMS-QP2010. TAA and a series of authentic compounds 
purchased from Wako Pure Chemical Industries, Ltd. were used for confirmation and 
quantification of the compounds identified with GC/MS. No NH3 was detected in the gas 
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bag with gas detector tube (No. 3L, Gastec). Fast pyrolysis of ASS at 400 oC, 600 oC, and 
700 oC, with a SGFR of 300 cm3/min were also carried out using acetone as absorption 
solution in the same manner as above. 
Blank experiments were carried out by mixing 20 mL acetone with 7, 70, and 700 μL 
28% ammonia (A20N7, A20N70, and A20N700). Quantification of TAA generated in 
acetone/NH3 solution was performed by GC/MS analysis. 
bio-oil
eluted with n-hexane
retentateeluted fraction (F1)
eluted with 10% EA/n-hexane
retentateeluted fraction (F2)
eluted with 20% EA/n-hexane
retentateeluted fraction (F3)
eluted with 5% M + 20% EA/n-hexane
retentateeluted fraction (F4)
eluted with 10% M + 20% EA/n-hexane
retentateeluted fraction (F5)
eluted with 20% M + 20% EA/n-hexane
retentateeluted fraction (F6)
eluted with 40% M + 20% EA/n-hexane
retentateeluted fraction (F7)
eluted with 100% M
retentateeluted fraction (F8)
GC/MS
analysis
M: methanol; EA: ethyl acetate.  
Fig. 6–1. Procedure for isolation and analysis of TAA in AABO14. 
AABO after storage for 14 days (AABO14) was concentrated to 20 mL using a rotary 
evaporator, and 2 mL of the concentrated solution was mixed with 1 g of SG (100–200 
mesh, Wako Pure Chemical Industries, Ltd.) in a conical flash under ultrasonic irradiation. 
After volatilization of the solvent, the AABO/SG mixture was transferred into a 2 cm i.d., 
SG-packed column (height of SG-packed 15 cm). As Fig. 6–1 shows, isolation of AABO14 
was done using 8 kinds of solvents and the eluated fractions were analyzed with GC/MS.  
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6.3. Results and Discussion 
6.3.1. TAA Formation 
As Fig. 6-2 shows, in a fresh AABO, relative to ASS (daf), only 0.9% of TAA was 
detected. TAA yield increased rapidly with storage time and reached a level of about 28.4% 
after 175 h. No TAA was observed in MABO, even though it has been stored more than 10 
days. These facts suggest that TAA is an artifact rather than originally exists in AABO and 
acetone should play an important role in TAA formation. 
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Fig. 6–2. Yields of TAA and acetonine and conversion to TAA in AABO. 
As mentioned in Chapter 2 and 3, ASS contains high nitrogen content about 8.7% 
(daf). During fast pyrolysis at 500 oC and SGFR of 300 cm3/min, 32.5% of nitrogen in ASS 
was converted to NH3, while 34.6% of nitrogen was found in liquid products as ONSs. In 
order to check whether ONSs have been involved in the formation of TAA, quantitative 
analysis of the ONSs in MABO after 14 days (MABO14) and in AABO14 was carried out. 
As Table 6–1 and Fig. 6–3 show, pyridin-3-ol, pyrrolidin-2-one, piperidin-2-one, 
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succinimide, 3-phenylpropanenitrile, aminopyridine, benzenediamine, acetamide, fatty 
amides and nitriles, along with indole, pyridine, pyrrole and their methyl derivatives are 
the main ONSs detected in MABO14. GC/MS analysis of AABO14 showed that almost the 
same amounts of ONSs were detected. Therefore, ONSs in bio-oil may not have been 
involved in the reaction of TAA formation. 
Table 6–1 Main ONSs detected in MABO14 and AABO14 
Yield a Yield a 
No. Compound 
MABO14AABO14
No. Compound 
MABO14 AABO14
1 Pyridine 0.3  0.3  17 Benzonitrile 0.2  0.2  
2 Pyrrole 0.4  1.6  18 Benzenediamine 0.5  0.5  
3 Acetamide 4.0  3.9  19 Piperidin-2-one 0.4  0.4  
4 2-Methylpyridine 0.2  0.2  20 PPN 0.7  0.8  
5 2-Methylpyrrole 0.2  1.3  21 1H-indole 1.1  1.1  
6 3-Methylpyrrole 0.0  1.0  22 MHI 0.6  0.6  
7 Propanamide 0.4  0.4  23 NPYAA 1.3  1.4  
8 3-Methylpyridine 0.3  0.3  24 Ethylindole 0.2  0.2  
9 N-ethylacetamide 0.4  0.4  25 Pentadecanenitrile 0.1  0.1  
10 Acetonine – 1.8 26 Tridecanamide 0.1  0.1  
11 2-Aminopyridine 0.5  0.5  27 Hexadecanenitrile 0.3  0.3  
12 Pyrrolidin-2-one 1.4  1.5  28 Tetradecanamide 0.1  0.1  
13 3-Aminopyridine 1.0  1.0  29 HPBI 0.5  0.5  
14 Pyridin-3-ol 2.8  2.8  30 Hexadecanamide 0.6  0.6  
15 Triacetonamine – 284.2 31 Heptadecanamide 0.1  0.1  
16 Succinimide 2.4  2.5  32 Stearamide 0.2  0.2  
a mg/g ASS (daf). NPYAA: N-(pyridin-2-yl)acetamide; PPN: 3-phenylpropanenitrile; HPBI: 
9H-pyrido[3,4-b]indole; MHI: 3-methyl-1H-indole. 
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    No NH3 was observed in the gas bag, suggesting that almost all of the NH3 generated 
during fast pyrolysis was dissolved in acetone. The conversion of NH3 to TAA was 
calculated as the N in NH3 to the N in TAA generated. As shown in Fig. 6-2, more than 
90% of NH3 was converted to TAA after 170 h. The yield is higher than that by reported 
methods for catalytic synthesis of TAA.[9] 
As shown in Fig. 6–2, acetonine, the intermediate product of TAA synthesis, was first 
formed. TAA yield increased with the decrease of acetonine yield. Possible reaction 
pathway is that the reaction of NH3 in the bio-oil with acetone affords acetonine, which 
further reacts with acetone to form TAA, as shown in the following formula. 
O
NH3 N
H
O
N
H
N
O
+
 
Fast pyrolysis of ASS at 400 oC, 600 oC, and 700 oC using acetone as absorption 
solution were also carried out in this study. As shown in Fig. 6–4, the same trends were 
observed for the yields of TAA and acetonine and conversion to TAA when fast pyrolysis 
of ASS at different temperatures. When pyrolysis at 400 oC, 600 oC, and 700 oC, all the 
TAA yields increased rapidly with storage time and reached a level of about 19.5%, 26.0%, 
and 25%, respectively, after 175h. The influence of pyrolysis temperature on the yield of 
TAA is similar to that of bio-oil. The maximum yield of TAA increased with raising 
temperature and reaches the maximum value at 500 oC, and then decreased with the raising 
temperature. Based on the NH3 yield as mentioned in Chapter 3, the conversion to TAA at 
400 oC, 600 oC, and 700 oC are all higher than 80% after 175 h. 
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Fig. 6–4. Yields of TAA and acetonine and conversion to TAA in acetone absorbed bio-oils 
at 400 oC (a), 600 oC (b), and 700 oC (c). 
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6.3.2. Blank Experiment 
Temperatures of the ice-water bath used and the area upside the pyrolysis gas-acetone 
solution interface during collecting bio-oil were about 1 and 10–15 oC, respectively. The 
fact suggests that no high temperature reaction took place. Based on the generated NH3 
during fast pyrolysis, NH3 concentration in AABO was 0.1 mg/mL. To check the reaction 
of acetone with NH3 under the conditions, blank experiments were conducted by mixing 20 
mL acetone with 7 μL 28% ammonia at room temperature. Experiments with higher NH3 
concentration were also conducted. As Fig. 6–5 shows, the conversion of NH3 to TAA of 
A20N7, A20N70, and A20N700 are lower than 0.07% when they were stored 152 h. As 
illustrated in Fig. 6–2, TAA yield is higher than 25% after storage for 96 h. Since the 
reaction of pure NH3 with acetone does not proceed, some species in bio-oil must catalyze 
the reaction of acetone with NH3 to afford TAA. Identifying which component acted as 
catalyst is a challenge that deserves further research. 
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Fig. 6–5. Conversion of NH3 to TAA in blank experiments. 
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6.3.3. Column Chromatograph 
TAA was eluted as a pale yellow liquid by 10% methanol/20% EA n-hexane. It is main 
component detected in F5 as shown in Fig. 6–3. Its purity is 80.4% (area%) by GC/MS 
analysis and its recovery in F5 from AABO14 is about 98.1%. A negligible yield of TAA 
was obtained in F6 (1.24 mg/g ASS, daf) and no TAA was detected in other fractions. The 
results suggest that the TAA formed in AABO can be isolated by the column 
chromatography as the above manner. 
6.4. Summary 
Fast pyrolysis of sewage sludge using acetone as the absorption solvent leads to the 
production of TAA as the major component of the resulting bio-oil. When pyrolysis of 
ASS at 500 oC and a SGFR of 300 cm3/min, the yield of TAA can reach a level of about 
28.4% (%ASS, daf) after 175 h. TAA is an artifact produced by NH3 in the bio-oil with 
acetone and can be isolated in a high yield (27.9%, daf) and purity (80.4%, by area) by 
column chromatography. Such a procedure provides an effective and value-added 
approach to synthesis and isolation of TAA from sewage sludge. 
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Chapter 7. Conclusions and Recommendations 
7.1. Conclusions 
Fast pyrolysis of a sewage sludge sample, which contains a high content of nitrogen, 
was investigated in a drop tube furnace to understand the effects of pyrolysis temperature 
and SGFR on the yields of pyrolysis products and the distributions and compositions of 
NCSs. The bio-oil was separated by silica-gel column chromatography with different 
solvents and characterized with GC/MS and FTIR. In addition, fast pyrolyses of three 
common biomass wastes were investigated in an ICFB to evaluate bio-oil production. The 
key conclusions of this study are: 
Organic matter in ASS is mainly composed of protein, lipid, and polysaccharide, most 
of which were evolved during pyrolysis at 550 oC. The high nitrogen content in ASS and 
PC should be partly due to the present of significant amounts of proteins in the two 
samples.  
The maximum oil yield of ca. 48.7% (daf) was achieved during fast pyrolysis in a 
drop tube reactor at 500 oC and a SGFR of 600 cm3/min. Most of the nitrogen present in 
ASS goes to form nitrogenous gases, including NH3, HCN, and N2, and their yields 
increased with raising pyrolysis temperature. NH3 was the main nitrogenous gas at all 
conditions. The significant release of NH3 at temperature lower than 500 oC should be 
related to the high protein content in the sludge. However, protein pyrolysis did not 
produce significant amount of HCN. The formation of HCN could be due to thermal 
cracking of volatiles above 550 oC. The conversions of WISO-C to Gas-C and WISO-N to 
WSO-N significantly proceeded during the pyrolysis. In addition, secondary cracking 
reactions at 500 oC were found to only significantly promote the conversion of WISO-C to 
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WSO-C, especially at lower SGFR than 600 cm3/min. This study provides a basic insight 
into the nitrogen transformations during fast pyrolysis of sewage sludge, which would 
benefit the clean utilization of sewage sludge as an energy source. 
Preparation of bio-oils in high yields from ASS, PC, and WC can be achieved using an 
ICFB reactor. The chemical composition of ASSBO is similar to that of PCBO but quite 
different from that of WCBO. WCBO is less feasible for fuel use according to its low HCV 
caused by its high oxygen content. PCBO can be used as potential liquid fuel due to its 
high HCV and relatively low oxygen content. Upgrading is needed to use the bio-oil as a 
conventional transport fuel. ASSBO is rich in ONSs, especially polycyclic ones, and is 
thereby a potential chemical feedstock. Isolation of ONSs as pure chemicals may 
significantly improve the economical feasibility of the bio-oil production process. 
Column chromatography with a proper sequence of solvent elution is an efficient tool 
for the separation of ONSs in bio-oil from fast pyrolysis of sewage sludge. Using this tool, 
a class of aromatic ONSs (pyrroles, aromatic nitriles, and indoles, etc.) along with 
alkanenitriles (C13–C18) and oleonitrile were fractionated; lactams and amides were 
concentrated to large extents. Most of GC/MS-detectable ONSs are lactams, amides, and 
N-heterocyclic compounds, among which acetamide is the most abundant. N-heterocyclics 
with 1-3 rings, including pyrrole, pyridine, indole, benzoimidazole, carbazole, norharman, 
and harman, were observed. The lactams detected include pyrrolidin-2-one, succinimide, 
phthalimide, glutarimide, piperidin-2-one, and 3-isobutylhexahydropyrrolo[1,2-a] 
-pyrazine-1,4-dione, all of which should be formed via decarboxylation and cyclization of 
γ- and δ-amino acids. Understanding the diversity of ONSs in the ASS derived bio-oil is 
helpful for the use of the bio-oil both as clean fuel and as value-added chemicals. 
Fast pyrolysis of ASS using acetone as the absorption solvent leads to the production of 
TAA, which is an attractive intermediate for the synthesis of pharmaceutical products, 
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pesticides, and photostabilizers for polymers, as the major component (maximum yield 
28.4% ASS, daf) of the resulting bio-oil. TAA is an artifact produced by NH3 in the bio-oil 
with acetone and can be isolated in a high yield and purity by column chromatography. 
Such a procedure provides an effective and value-added approach to synthesis and 
isolation of TAA from sewage sludge. 
7.2. Recommendations 
For nitrogen transformation study, the pyrolysis vapors released during fast pyrolysis 
of sewage sludge may encounter with the char/ash particles and result in deposit and 
secondary decomposition of the pyrolysis vapors. Therefore, it is necessary to study the 
influence of char and ash on the composition and distribution of NCSs in the further study. 
Because of the limitation of GC/MS analysis, detection of strongly polar and/or less 
volatile ONSs, which may exist in sludge bio-oil, is difficult. Identification of such ONSs 
could be expected by using similar methods in combination of multiple analyses with 
advanced analytical instruments such as HPLC/TOF-MS and HPLC/FTIR. 
For TAA formation during fast pyrolysis of sewage sludge using acetone as absorption 
solution, some species in bio-oil must catalyze the reaction of acetone with NH3 to afford 
TAA. Identifying which component acted as catalyst for the formation of TAA in bio-oil 
when use acetone as the absorption solvent is a challenge that deserves further research. 
Based on the understanding of chemical composition of bio-oils, further research on 
catalytic upgrading of the bio-oils (deoxygenation for WCBO, while denitrogenation for 
ASSBO and PCBO) has to be done before the bio-oils can be used as clean fuels (low N 
and O contents) or transport fuels. 
 
 118
Acknowledgements 
I would like to express my sincere gratitude to my advisor, Professor Takayuki 
Takarada, for his valuable advice, guidance, encouragement, and continued support 
throughout this research work. I would also like to thank my committee members, 
Professors Nobuyoshi Nakagawa, Takayuki Ohshima and Tomohide Watanabe, and Dr. 
Hisao Makino for their advice, support and review of my thesis. 
I wish to convey my thanks and deep appreciation to my co-advisor, Professor 
Xian-Yong Wei from China University of Mining & Technology, for his close advice and 
assistance in this study, especially his assistance on paper writing. I also wish to extend my 
appreciation to Professor Zhi-Min Zong (China University of Mining & Technology) for 
her support and encouragement. 
The useful discussion, support and cooperation from other members in Professor 
Takarada’s laboratory are greatly appreciated. Particularly, I would like to thank Drs. 
Koyoko Morishita and Kazuyoshi Sato for their encouragements and assistance. I also 
want to express my gratitude to the technical staff, Ms. Yukiko Ogawa, for her kindly help 
on sample analyses, and to Ms. Miyoko Kakuage and Ms. Mayumi Tanaka, for their help 
related to this work. In addition, I would like to thank Drs. Liu-Yun Li, Xian-Bin Xiao, 
Shou-Yu Zhang, Hanny J. Berchmans, for their assistance and friendship.  
I would also like to acknowledge the program of the Ministry of the Environment 
Government of Japan for the Development of Global Warming Countermeasures 
Technologies and China Scholarship Council (Project No. [2007]3020) for financial 
support. 
Finally, I would like to acknowledge and dedicate my thesis to my family and parents 
 119
for their everlasting love and support. This work would not have been possible without 
their belief in me. Special thanks go as well to my wife, Xiao-Yan Zhao, who is also a 
Ph.D candidate, for her sacrifice, much encouragement, and support. Many thank to my 
baby son (he was born in the beginning of 2010) for bring so much joy into our lives. 
 
 
Jing-Pei Cao 
 Gunma Universtiy, Kiryu, Japan 
                                              2010/12/01 
 120
List of Publications 
[1] Jing-Pei Cao*, Xiao-Yan Zhao, Kayoko Morishita, Liu-Yun Li, Xian-Bin Xiao, Ryoji 
Obara, Xian-Yong Wei, Takayuki Takarada. Triacetonamine formation in a bio-oil from 
fast pyrolysis of sewage sludge using acetone as the absorption solvent. Bioresource 
Technology 2010, 101, (11), 4242–4245.  
[2] Jing-Pei Cao*, Xiao-Yan Zhao, Kayoko Morishita, Xian-Yong Wei, Takayuki Takarada. 
Fractionation and identification of organic nitrogen species from bio-oil produced by 
fast pyrolysis of sewage sludge. Bioresource Technology 2010, 101, (19), 7648–7652. 
[3] Jing-Pei Cao*, Liu-Yun Li, Kayoko Morishita, Xian-Bin Xiao, Xiao-Yan Zhao, 
Xian-Yong Wei, Takayuki Takarada. Nitrogen transformations during fast pyrolysis of 
sewage sludge. Fuel 2010, doi: 10.1016/j.fuel.2010.08.015. 
[4] Jing-Pei Cao*, Xian-Bin Xiao, Shou-Yu Zhang, Xiao-Yan Zhao, Kazuyoshi Sato, 
Yukiko Ogawa, Xian-Yong Wei, Takayuki Takarada. Preparation and characterization 
of bio-oils from internally circulating fluidized-bed pyrolysis of municipal, livestock 
and wood waste. Bioresource Technology 2011, 102, (2), 2009–2015. 
[5] Xiao-Yan Zhao, Jing-Pei Cao*, Kayoko Morishita, Jun-ichi Ozaki, Takayuki Takarada. 
Electric Double-Layer Capacitors from Activated Carbon Derived from Black Liquor. 
Energy Fuels 2010, 24, (3), 1889–1893. 
[6] Xiao-Yan Zhao, Jing-Pei Cao*, Kazuyoshi Sato, Yukiko Ogawa, Takayuki Takarada. 
High Surface Area Activated Carbon Prepared from Black Liquor in the Presence of 
High Alkali Metal Content. Journal of Chemical Engineering of Japan 2010, 43 (12), 
1029–1034.  
 121
[7] Shou-Yu Zhang*, Jing-Pei Cao, Takayuki Takarada. Effect of pretreatment with 
different washing methods on the reactivity of manure char. Bioresource Technology 
2010, 101, (15), 6130–6135.  
[8] Shou-Yu Zhang*, Ruo-Yu Hong, Jing-Pei Cao, Takayuki Takarada. Influence of 
manure types and pyrolysis conditions on the oxidation behavior of manure char. 
Bioresource Technology 2009, 100, (18), 4278–4283. 
[9] Shou-Yu Zhang*, Xiu-Jun Wang, Jing-Pei Cao, Takayuki Takarada. Low temperature 
catalytic gasification of pig compost to produce H2 rich gas. Bioresource Technology 
2011, 102, (2), 2033-2039. 
[10] Xianbin Xiao*, Duc Dung Le, Liuyun Li, Xianliang Meng, Jingpei Cao, Kayoko 
Morishita. Catalytic steam gasification of biomass in fluidized bed at low temperature: 
Conversion from livestock manure compost to hydrogen-rich syngas. Biomass 
Bioenergy 2010, 34, (10), 1505–1512. 
 122
List of Presentations 
[1] Jing-Pei Cao, Liu-Yun Li, Kayoko Morishita, Takayuki Takarada. Nitrogen 
transformations during fast pyrolysis of sewage sludge. The 10th Japan-China 
symposium on coal and C1 chemistry. July 26-29, 2009, Tsukuba, Ibaraki, Japan; E03. 
[2] Liuyun Li, Kayoko Morishita, Xianbin Xiao, Jingpei Cao, Takayuki Takarada. 
Low-temperature gasification of livestock compost under prepared Ni-loaded brown 
coal char. The 10th Japan-China symposium on coal and C1 chemistry. July 26-29, 
2009, Tsukuba, Ibaraki, Japan; E01. 
[3] 曹景沛、李留云、肖顕斌、森下佳代子、宝田恭之。Fast pyrolysis of sewage sludge: 
Nitrogen-containing species in products. 化学工学会 第41回秋季大会、2009年9月
16-18日、広島、AA105。 
[4] 李留云、Xiao Xianbin、曹景沛、森下佳代子、宝田恭之。Catalytic behavior of a 
novel nickel-loaded brown coal char on decomposition of swine compost volatiles at 
comparatively low temperature. 化学工学会 第41回秋季大会、2009年9月16-18日、
広島、AA106. 
[5] 曹景沛、佐藤和好、宝田 恭之。 Fast pyrolysis of sewage sludge: Triacetonamine 
formation in bio-oil using acetone as the absorption solvent. 化学工学会宇都宮大会
2010、2010 年 8 月 19-20 日、宇都宮、SB209。 
 123
List of Patents 
宝田恭之、曹景沛。２,２,６,６－テトラメチル－４－オキソピペリジンの製造方法。特願
2010-040200。 
Takayuki Takarada, Jing-Pei Cao. Process for preparing 2, 2, 6, 6-tetramethyl-4- 
piperidone. Japanese Patent Application No.: 2010-040200. (February, 2010) 
 
 124
List of Abbreviations 
A20N7  mixing 20 mL acetone with 7 μL 28% ammonia 
A20N70  mixing 20 mL acetone with 70 μL 28% ammonia 
A20N700  mixing 20 mL acetone with 700 μL 28% ammonia 
AABO  acetone absorbed bio-oil 
AABO14  AABO after storage for 14 days 
ASS  Ako sludge sample 
ASSBO  bio-oil produced from ASS 
char-C  carbon in char 
char-N  nitrogen in char 
DIW  deionized water 
DRIFTS  diffuse reflectance infrared Fourier transformed spectrometry 
DTG  derivative thermogravimetry 
EA  ethyl acetate 
ES  elution solvent 
FAAs  fatty acid amides 
FTIR  Fourier transform infrared 
gas-C  carbon in gas 
GC/AED  gas chromatography/atomic emission detector 
GC/FID  gas chromatography/flame ionization detection 
GC/MS  gas chromatography/mass spectrometry 
GC/TCD  gas chromatography/thermal conductivity detector 
GPC  gel permeation chromatography 
HCV  high caloric value 
 125
HPLC  high-performance liquid chromatography 
IC  ion chromatograph  
ICFB  internal circulating fluidized-bed 
LCANs  long-chain aliphatic nitriles 
LCV  lower caloric value 
MABO  methanol absorbed bio-oil 
MABO14 MABO after storage for 14 days 
MI  microwave irradiation 
MMDs  molecular mass distributions 
Mm  mass-average molecular mass 
Mn  number-average molecular mass 
NCSs  nitrogen-containing species 
NMR  nuclear magnetic resonance 
oil-C  carbon in oil 
oil-N  nitrogen in oil 
ONSs  organic nitrogen species 
OOSs  organooxygen species 
OSSs  organo-sulfur species 
PAH  polynuclear aromatic hydrocarbons 
PC  pig compost 
PCBO  bio-oil produced from PC 
SCWG  supercritical water gasification 
SGFR  sweeping gas flow rate  
SIC  selective ion chromatogram 
SS-C  carbon in ASS 
SS-N  nitrogen in ASS 
TAA  triacetonamine 
 126
TG  thermogravimetry  
TG/MS  thermogravimetry/mass spectrometry 
TG/GC/MS  thermogravimetry/gas chromatography/mass spectrometry 
TICs  total ion chromatograms 
TOC  total organic carbon 
TOF-MS  time-of-flight mass spectrometry 
TN  total nitrogen 
WC  wood chip 
WCBO  bio-oil produced from WC 
WISO  water-insoluble oil 
WISO-C  carbon in WISO 
WISO-N  nitrogen in WISO 
WSO  water-soluble oil 
WSO-C  carbon in WSO 
WSO-N  nitrogen in WSO 
WWTPs  wastewater treatment plants 
 
